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THE  Engineering  Experiment  Station  was  establiahed  by  act  of 
the  Board  of  Tru^tee8,  December  8,  1903.  It  is  the  purpose 
of  the  Station  to  carry  on  investigations  along  various  lines 
of  engineering  and  to  study  problems  of  importance  to  professional 
engineers  and  to  the  manufacturing,  railway,  mining,  constructional, 
and  industrial  interests  of  the  State. 

The  control  of  the  Engineering  Experiment  Station  is  vested  in 
the  heads  of  the  several  departments  of  the  CoU^^  of  Engineering. 
These  constitute  the  Station  Staff  and,  with  the  Director,  determine 
the  character  of  the  investigations  to  be  undertaken.  The  work  is 
carried  on  under  the  supervision  of  the  Staff,  sometimes  by  research 
fellows  as  graduate  work,  sometimes  by  members  of  the  instructional 
staff  of  the  College  of  Engineering,  but  more  frequently  by  investi- 
gators belonging  to  the  Station  corps. 

The  volume  and  number  at  the  top  of  the  front  cover  page  are 
merely  arbitrary  numbers  and  refer  to  the  general  publications  of 
the  University  of  Illinois;  either  above  the  title  or  below  the  seal  %$ 
given  the  number  of  the  Engifieering  Experiment  Station  buUetin 
or  circular  which  should  be  used  in  referring  to  these  publicationg. 

The  present  bulletin  is  issued  under  a  cooperative  agreement 
between  the  Engineering  Experiment  Station  of  the  University  of 
Illinois,  the  State  Geological  Survey,  and  the  United  States  Bureau 
of  Mines.  The  reports  of  this  cooperative  investigation  are  issued 
in  the  form  of  bulletins  by  the  Engineering  Experiment  Station,  the 
State  Geological  Surv^  and  the  United  States  Bureau  of  Mines. 
For  bulletins  issued  by  the  Engineering  Experiment  Station,  address 
Engineering  Experiment  Station,  Urbana,  Illinois;  for  those  issued 
by  the  State  Geological  Survey,  address  State  Geological  Survey, 
Urbana,  Illinois;  and  for  those  issued  by  the  United  States  Bureau 
of  Mines,  address  the  Director,  United  States  Bureau  of  Mines,  Wash- 
ingtoui  D.  C. 
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PANEL  SYSTEM  OF  COAL  MINING 
A  GRAPHICAL  STUDY  OF  PERCENTAGE  OF  EXTRACTION 


I.    Introduction 

1.  Reasons  for  the  Invesiigation. — In  1917  an  investigation* 
of  the  percentages  of  coal  extracted  and  lost  in  Illinois  and  in  other 
bituminous  coal  mining  districts  showed  that  the  percentage  obtained 
is  less  than  is  commonly  believed.  The  conclusions  reached  in  the 
earlier  investigation  naturally  led  to  the  study  of  the  panel  system  to 
determine  the  greatest  possible  extraction  with  different  dimensions  of 
workings.  ^ 

2.  Other  Investigations. — Investigations  of  a  similar  nature  have 
been  made  to  determine  the  relation  between  dimensions  of  workings 
and  amounts  of  extraction.  Special  mention  should  be  made  of  the 
work  of  J.  C.  Quade,  G.  E.  Lyman,  and  J.  C.  Gibson,  whose  methods 
are  described  on  pages  46,  66,  and  70.  So  far  as  is  known, 
however,  no  study  of  the  panel  system  in  general  with  regard  to  the 
percentage  of  extraction  and  the  change  of  this  percentage  with 
change  of  dimensions  of  workings  has  hitherto  been  made. 

3.  AQJcnowledgments. — The  work  of  the  Illinois  Coal  Mining  In- 
vestigations is  carried  on  imder  the  direction  of  Professor  H.  H.  Stoek, 
head  of  the  Department  of  Mining  Engineering,  University  of  Illi- 
nois ;  F,  W.  De  Wolp,  Chief,  State  Geological  Survey  Division ;  and 
G.  S.  Rice,  Chief  Mining  Engineer,  U.  S.  Bureau  of  Mines.  Professor 
Stoek  has  been  especially  helpful  in  carefully  revising  the  manuscript. 

4.  Summary. — The  investigation  shows  that  the  highest  extrac- 
tion which  can  possibly  be  attained  under  the  conditions  assumed, 
with  rooms  300  feet  long  and  30  feet  wide  on  50-foot  centers,  is  only 
57.05  per  cent.    Even  if  the  improbable  ratio  of  room  to  pillar  width 

*Toaiig,  0.  M.,  "Percentage  of  Extraction  of  Bituminous  Coal  with  Special  Reference 
to  niinois  Condition!."  niinoia  Coal  Mining  Investigations,  Univ.  of  UL  Eng.  Exp.  Sta., 
BoL  100,    1917. 
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of  4  to  1  (40-foot  rooms  on  50-foot  centers)  is  assumed,  the  highest 
attainable  extraction  is  68.48  per  cent.  No  better  results  than  these 
can  be  reached  unless  the  amount  of  coal  left  in  room  pillars  or  in 
barrier  pillars  is  reduced.  As  a  matter  of  fact,  the  average  extraction 
throughout  the  State  is  not  more  than  50  per  cent  and  in  those  parts 
where  coal  is  thickest  and  lies  at  greatest  depth,  the  extraction  will 
not  average  so  much.  The  lowest  extractions  are  due  in  part  to  the 
leaving  of  top  coal;  thus  the  actual  extraction  in  some  districts  is 
lower  than  that  indicated  by  calculation  on  an  area  basis. 

The  percentage  of  extraction  increases  with  the  increase  of  ratio 
between  room  width  and  pillar  width,  with  length  of  rooms  and  with 
number  of  rooms  per  entry,  but  the  diagrams  showing  the  effect  of 
changes  of  dimensions  on  percentages  of  extraction  indicate  that, 
except  in  the  case  of  ratio  of  room  width  to  pillar  width,  very  nearly 
the  maximum  effect  of  these  changes  has  been  reached  by  the  dimen- 
sions considered,  %.  e.,  room  length  from  200  to  300  feet,  room  width 
from  20  to  40  feet,  number  of  rooms  per  entry  from  8  to  24.  Further 
increase  of  length  of  rooms  or  of  number  of  rooms  per  entry  would 
not  materially  increase  the  percentage  of  extraction. 

The  percentage  of  extraction  could  be  further  increased  by  in- 
crease of  room  width  in  relation  to  pillar  width,  but  it  is  only  rarely 
that  a  ratio  of  even  4  to  1  can  be  used  without  the  production  of 
squeezes.  The  conclusion  is,  therefore,  warranted  that  the  extraction 
under  a  panel  system  of  mining,  which  relies  upon  coal  left  in  the 
ground  for  the  support  of  the  overburden,  cannot  be  greater  than 
about  68  per  cent  unless  a  smaller  amount  of  coal  is  left  in  the  form 
of  barrier  pillars  than  is  assumed  in  this  investigation. 

5.  Reasons  for  Low  Extraction. — There  are  two  essential  reasons 
for  low  extraction.  The  first  is  the  leaving  of  top  coal,  because  the 
roof  needs  support  or  because  the  bed  is  too  thick  for  convenient  min- 
ing of  the  whole  thickness.  Such  losses  occur  principally  in  the  thick 
coal  of  the  southern  part  of  the  State.  When  some  support  for  the 
roof  is  necessary  and  when  it  can  be  furnished  by  coal  left  in  place  at 
less  cost  than  by  artificial  means,  the  leaving  of  coal  is  justified, 
commercially,  though  such  loss  may  still  be  criticized  from  the  stand- 
point of  conservation.  In  some  places,  however,  the  thickness  of  coal 
left  is  much  greater  than  is  necessary  to  support  the  roof,  and  it  is 
probable  that  a  considerably  larger  amount  of  the  coal  might  be  ex- 
tracted at  a  cost  which  would  allow  a  profit  on  the  top  coal  mined. 
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The  second  reason  for  low  extraction  lies  in  the  method  of 
mining  which  depends  upon  coal,  left  in  the  form  of  pillars,  to  sup- 
port overlying  material.  The  use  of  coal  for  such  support  may  be 
eonsidered:  first,  for  the  support  of  the  immediate  top  until  a  place 
has  been  worked  out,  and  secondly,  for  the  permanent  support  of  the 
overburden  to  prevent  subsidence  of  the  surface. 

In  the  first  case  large  pillars  would  commonly  be  unnecessary 
and  the  ratio  of  room  width  to  pillar  width  might  be  large.  Under 
this  case  may  be  considered  such  operations  as  those  in  Fulton  County, 
discussed  in  Appendix  I,  where  no  attempt  is  made  at  permanent  sup- 
port of  the  surface,  and  where  coal  left  in  pillars  may  be  considered 
as  serving  the  same  purpose  as  props.  Pillars  which  are  8  feet  wide 
near  the  entry  are  tapered  to  almost  nothing  at  the  end;  yet  these 
pillars  serve  their  purpose  of  support  to  the  immediate  top  until  the 
coal  has  been  worked  out.  Under  such  circumstances  it  is  possible 
to  extract  from  70  to  80  per  cent  of  the  coal,  but  such  results  would 
be  unattainable  in  thick  coal  because  the  strength  of  a  pillar  decreases 
rapidly  as  its  height  increases,  and  consequently  greater  pillar  width 
would  be  necessary  to  furnish  the  support  needed. 

The  second  case  is  that  of  the  use  of  coal  in  the  form  of  pillars 
as  a  permanent  support  for  the  overburden,  and  this  use  constitutes 
the  principal  reason  for  low  extraction.  A  much  higher  percentage 
of  coal  might  be  obtained  if  the  surface  were  allowed  to  subside. 
Under  present  conditions,  however,  this  practice  is  not  often  con- 
sidered practical,  especially  where  ownership  of  the  coal  and  the 
surface  is  separate,  because  the  operator  is  often  compelled  to  pay 
very  high  damages  for  any  disturbance  of  the  surface. 

While  no  general  rule  can  be  stated  for  the  determination  of 
the  dimensions  of  pillars  and  of  the  ratio  of  pillar  area  to  room  area 
necessary  for  the  permanent  support  of  the  surface  at  a  given  depth, 
it  is  known  that  the  relative  area  of  pillars  must  be  made  greater 
as  the  depth  increases.  Experience  in  Illinois  shows  that  the  surface 
cannot  be  permanently  sustained  over  the  deeper  and  thicker  beds 
of  the  State  unless  about  half  of  the  coal  is  left.  This  statement  is 
true  in  general  for  Districts  V,  VI,  and  VII,  of  the  Illinois  Coal 
Mining  Investigations,  which  include  bed  5  in  Saline  and  Gallatin 
counties  and  nearly  all  mines  in  the  No.  6  coal. 

No  high  percentage  of  extraction  is  possible  without  subsidence 
of  the  surface  unless  tiie  space  left  by  the  coal  is  filled,  probably  by 
washing  fine  material  into  the  mine  through  pipes.    Illinois  mines  are 
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in  general  nearly  level  and  it  would  be  difl&eult  to  transport  the  filling 
material  along  the  entries  by  means  of  water;  also  the  removal  of  the 
water  would  be  difficult  and  expensive.  For  these  reasons  the  method 
appears  at  present  to  be  impractical  in  Illinois;  therefore  if  high 
extraction  is  to  be  obtained  subsidence  must  be  expected  and  con- 
trolled as  is  being  successfully  done  in  some  districts  where  extraction 
of  more  than  90  per  cent  is  customary. 
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n.    Advantages  of  Greater  Extraction 

The  principal  advantages  of  higher  extraction  may  be  sum- 
marized as  follows: 

6.  Investment  per  Ton  of  Total  Output, — If  the  amount  of  coal 
extracted  could  be  increased  from  50  to  100  per  cent,  the  investment, 
per  ton  of  total  coal  produced  for  surface  plants,  shafts,  entries,  etc., 
would  be  reduced  by  half  because  twice  as  much  coal  would  be  handled 
with  the  equipment.  Maintenance  charges,  however,  would  not  be 
similarly  reduced  since  the  colliery  would  be  in  operation  for  twice 
as  long  if  the  same  territory  were  involved.  The  cost  per  ton  of 
coal  in  the  ground  would  be  decreased  by  one-half  when  the  coal  is 
purchased  in  fee,  and  where  it  is  leased  on  royalty  the  owner  of  the 
land  would  receive  twice  as  much  as  he  formerly  received. 

7.  Cost  of  Haulage. — The  cost  per  ton  for  moving  the  coal  from 
the  working  place  to  the  shaft  would  be  decreased,  because  the 
average  length  of  haul  would  be  only  half  as  much  as  with  50  per 
cent  extraction.  Twice  as  much  coal  would  be  hauled  through  the 
entries,  so  that  the  cost  per  ton  of  coal  for  maintaining  entries  would 
be  lessened.  Since  the  element  of  time  is  also  involved,  it  is  not  possible 
to  say  that  the  cost  for  maintenance  would  be  reduced  by  50  per  cent. 

8.  Cost  of  Ventilation, — The  average  distance  from  the  shaft  of 
places  to  be  ventilated  being  only  half  as  much  as  with  50  per  cent  ex- 
traction, the  expense  of  ventilation  would  be  decreased.  Ventilation 
would  be  simplified,  because  worked-out  places  would  cave  and  would 
require  no  attention  except  the  provision  of  bleeders  or  of  seals. 

To  summarize,  the  cost  per  ton  of  total  coal  for  all  installations 
and  excavations  which  would  not  need  renewal  because  of  the  increased 
time  of  service  would  be  reduced  by  50  per  cent.  In  operations  whose 
costs  are  aflfected  by  the  distance  from  the  shafts  to  the  point  of  pro- 
duction, the  costs  would  be  reduced  in  proportion  to  the  effect  of  the 
distance.  While  it  cannot  be  expected  that  an  extraction  of  100  per 
cent  will  be  obtained,  an  extraction  of  90  per  cent  should  not  be 
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difl&cult  from  an  engineering  standpoint,  and  the  economies  resulting 
would  be  in  proportion  to  the  increase. 

9.  Efficiency  of  Supervision. — Appreciation  of  the  need  of  thor- 
ough supervision  to  preserve  mines  in  working  condition  and  to  pre- 
vent accidents  is  increasing,  but  under  present  mining  practice  the 
visits  to  a  working  place  can  be  made  more  frequent  only  by  increas- 
ing the  supervising  force,  thus  adding  to  the  cost  of  coal.  With  greater 
extraction  the  concentration  of  workings  would  eliminate  a  part  of 
the  time  now  lost  in  travel,  and  thus  would  help  to  solve  the  problem 
of  increased  supervision. 

10.  Prevention  of  Waste. — The  greatest  ultimate  advantage  of 
higher  extraction  would  be  the  increase  of  the  available  reserves  of 
coal.  At  present  this  advantage  is  largely  overlooked,  because  the 
reserves  of  coal  of  the  quality  and  thickness  now  mined  are  sufficient 
for  many  years.  Unfortunately,  however,  it  is  the  best  coal  and  that 
easiest  to  produce  which  is  being  lost,  and  the  coal  which  will  be 
available  when  the  reserves  are  exhausted  will  certainly  be  more 
costly  and  perhaps  not  so  good.  Even  if  the  question  of  reserves  is 
neglected  because  no  immediate  exhaustion  is  possible,  it  is  a  subject 
for  great  regret  that  a  substance  as  valuable  as  coal  should  be  un- 
necessarily lost. 

There  is  no  doubt  of  the  ability  of  mining  engineers  to  plan 
operations  to  get  high  extraction.  The  methods  are  well  known  and 
are  employed  with  great  advantage  and  without  great  difficulty  in 
some  districts,  and  there  is  no  reason  to  doubt  their  success  in  Illinoiii. 
The  problem  is  more  one  of  immediate  commercial  advantage  than  one 
of  engineering  practice. 
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in.    Principles  Involved  in  High  Extraction 

High  extraction  requires  the  mining  of  pillar  coal.  Three  prin- 
ciples are  involved  in  the  successful  extraction  of  this  coal:  first, 
the  strain  on  the  roof  above  the  rooms  must  not  be  great  enough 
to  cause  the  roof  to  fall  before  the  pillar  coal  is  removed;  secondly, 
the  strain  on  the  pillars  must  not  be  great  enough  to  cause  squeezing ; 
thirdly,  additional  strain  on  the  pillars,  due  to  pillar  drawing,  must 
be  prevented  by  the  breaking  of  the  roof  behind  the  retreating  pillar 
face. 

The  fall  of  the  roof  can  be  prevented  by  making  the  room  suffi- 
ciently narrow,  or  at  least  the  strain  can  be  decreased  so  that  proper 
timbering  will  prevent  falls.  This  does  not  necessarily  involve  low 
ratio  of  room  width  to  pillar  width.  If  the  pillars  are  to  be  removed, 
however,  they  will  necessarily  be  made  large  enough  for  convenient 
working.  In  some  districts  where  pillar  coal  is  successfully  mined 
and  where  high  extraction  is  reached,  rooms  are  made  very  narrow 
and  are,  in  fact,  little  more  than  openings  for  ventilation  and  for 
access  to  the  pillar  coal.  Such  extreme  narrowness  is  necessary  only 
under  bad  top,  and  rooms  in  most  places  in  Illinois  could  probably 
be  made  20  feet  wide  without  interference  with  successful  pillar  work. 

The  strain  on  the  pillars  due  to  the  w;eight  of  the  overburden 
must  be  kept  within  the  limits  of  strength  of  the  pillars  themselves 
and  of  the  top  and  bottom.  When  the  room  coal  is  removed,  the 
weight  of  the  overlying  material  is  transferred  to  the  pillars  and 
these  must  be  made  large  enough  to  stand  the  strain  without  being 
crushed  or  pressed  into  the  top  or  bottom. 

When  the  extraction  of  the  pillar  coal  is  commenced  at  the  end 
of  the  room,  a  part  of  the  weight  of  the  overburden  above  the  portion 
removed  is  transferred  to  the  remaining  pillars,  thus  increasing  the 
strain.  This  strain  may  be  relieved  by  the  breaking  of  the  roof  be- 
hind the  retreating  pillar  face. 

If  enough  coal  is  left  in  pillars  to  prevent  crushing  before  pil- 
lar drawing  begins,  and  if  the  strain  is  relieved  by  the  breaking  of 
the  roof  during  pillar  drawing,  squeezes  will  be  entirely  prevented. 

These  three  principles:  rooms  narrow  enough  for  the  support 
of  the  roof,  pillars  large  enough  to  stand  without  crushing,  and 
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relief  of  additional  strain  due  to  pillar  drawing  by  the  breaking 
of  the  roof,  are  successfully  applied  in  some  mining  districts  in  this 
country.  There  is  nothing  in  the  physical  conditions  of  the  Illinois 
coal  fields  to  indicate  that  the  application  of  these  principles  is  im- 
possible or  even  unusually  difficult. 
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IV.    Method  op  Investigating  the  Percentages  op  Extraction 

The  object  of  the  calcxilations  hereinafter  described  was  the  deter- 
mination of  percentages  of  extraction  when  plans  for  the  develop- 
ment of  a  mine  are  carefully  made  and  all  dimensions  accurately 
followed.  It  was  necessary  to  consider  a  hypothetical  mine  or  a  part 
of  one  consistently  developed  on  some  predetermined  plan.  The 
discussion  has  been  confined  to  the  panel  system,  because  it  repre- 
sents the  highest  development  reached  in  the  extraction  of  coal  by 
rooms  and  pillars.  It  is  upon  this  system  that  all  large  modem  mines 
in  Illinois  are  projected. 

The  term  panel  system  originally  implied  the  isolation  of  a  group 
of  rooms,  called  a  panel,  from*  other  such  groups  or  panels,  by  a 
surrounding  pillar  of  coal  pierced  on  one  side  only  by  the  room  en- 
tries. The  term  is  now  frequently  applied  to  a  system  in  which  the 
room  entries  do  not  terminate  in  the  panel  but  are  driven  through 
to  the  next  cross  entry,  the  block  of  rooms  thus  being  opened  at  both 
ends  instead  of  only  at  one,  the  pillars  between  the  ends  of  panels 
being  omitted. 

The  present  tendency  in  Illinois  seems  to  be  toward  the  adoption 
of  a  more  nearly  completely  isolated  panel  than  has  been  used 
though  the  fire  pillars  remaining  are  too  narrow  to  resist  squeezing. 
On  this  basis  the  values  in  the  tables  and  diagrams  given  have  been 
calculated.  The  assumed  pillars  between  the  ends  of  adjacent  panels 
are,  however,  very  thin  and  approximately  the  same  values  will  be 
found  if  these  pillars  are  omitted.  The  figures  and  diagrams  will 
apply  very  closely  to  either  form  of  the  panel  system. 

11.  Basis  of  Calculation. — ^In  the  following  discussion  extraction 
is  calculated  on  the  basis  of  area  excavated  instead  of  on  that  of 
tonnage  produced.  When  the  workings  are  of  uniform  height  through- 
out the  mine,  the  extraction  on  the  basis  of  tonnage  is  proportional 
to  that  on  the  basis  of  area,  but,  if  a  portion  of  the  coal  is  left  at 
top  or  bottom  as  is  frequently  the  case  in  thick  coal  and  under  a  poor 
roof,  the  ratio  of  tonnage  to  area  may  vary  in  diflEerent  parts  of  the 
mine.  Whenever  coal  is  left  on  the  top  or  bottom,  the  extraction  on  a 
tonnage  basis  is  less  than  that  on  an  area  basis.     To  get  the  per- 
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centage  of  extraction  on  a  tonnage  basis  from  that  on  an  area  basis, 
the  latter  should  be  multiplied  by  the  ratio  of  thickness  mined  to  the 
total  thickness  of  the  bed.  In  some  parts  of  Illinois,  for  example, 
where  the  thickness  of  the  coal  is  nine  feet  or  more,  only  about  seven 
feet  of  the  coal  is  extracted.  In  such  places  the  tonnage  produced 
cannot  be  more  than  seven-ninths,  or  78  per  cent,  of  that  indicated 
by  the  area  excavated  and  is  less  if  the  thickness  of  the  coal  is  greater 
than  nine  feet.  This  fact  should  be  borne  in  mind  in  considering  the 
percentages  of  extraction  given  in  this  bulletin.  In  other  words 
these  percentages  are  the  maximum  amounts  of  coal  whidi  it  is  x>ossible 
to  get  with  the  given  dimensions  of  workings  without  the  gouging  of 
pillars  or  the  extraction  of  pillar  coal  on  the  retreat.  As  there  is 
always  some  waste  in  mining,  the  extractions  obtained  in  practice 
with  similar  dimensions  may  be  expected  to  fall  below  those  indi- 
cated in  the  tables.  The  amount  of  waste  is  variable,  but  it  is  doubt- 
ful if  it  is  ever  less  than  5  per  cent. 

12.  Method  of  Computation, — An  area  of  160  acres  was  selected 
as  large  enough  to  give  sufficiently  accurate  results,  and  workings 
were  laid  out  for  this  area.  Since  an  area  of  nearly  an  acre  is  worked 
out  per  day  in  the  larger  mines,  which  produce  4000  tons,  or  more,  per 
day  as  now  operated  in  Illinois,  it  will  be  seen  that  160  acres  is 
only  a  small  part'  of  the  tract  developed  by  a  single  large  mine ;  in 
fact  it  represents  only  about  160  days'  work.  Accordingly  in  plan- 
ning the  projection,  no  attempt  was  made  to  lay  out  160  acres  as  a 
complete  mine,  but  this  small  tract  was  assumed  to  be  part  of  a  larger 
district  and  was  treated  as  if  a  square  of  160  acres  had  been  taken 
from  the  map  of  a  large  mine. 

If  the  160  acres  had  been  developed  by  itself,  one  would  natural- 
ly assume  that  the  main  entry  was  driven  through  the  middle  of  the 
tract  and  that  the  cross  entries  were  driven  equal  distances  to  each 
side.  Instead  of  this  assumption  it  was  determined  as  a  matter  of  sim- 
plification that  the  line  of  the  ends  of  a  series  of  panels  driven  from 
one  cross  entry  should  constitute  one  border,  m  -  n,  and  the  sides  of 
a  series  of  panels  should  constitute  another  border,  n-o  (Fig.  1). 

In  this  160-acre  tract  workings  were  laid  out  with  different 
dimensions  and  the  percentages  of  extraction  for  these  different  dimen- 
sions calculated.  The  room  lengths  chosen  were  200  feet,  250  feet, 
and  300  feet.    The  numbers  of  rooms  per  entry  chosen  were  8,  12, 16, 
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Fig.  1.    Map  of  160-Acre  Tract  Selected  for  Investigation 


20,  24,  and  28.  The  cases  assumed  include,  of  course,  only  a  few  of 
the  many  dimensions  and  numbers  of  rooms  that  may  occur,  but  they 
show  the  effects  of  variation  in  dimensions  and  number. 

For  the  first  calculation  it  was  assumed  that  all  rooms  should 
be  25  feet  wide  and  driven  on  50-foot  centers.  After  the  method 
had  been  developed  for  these  dimensions,  calculations  were  made  for 
different  room  widths,  namely,  20,  30,  35,  and  40  feet.  Other  assump- 
tions made  with  regard  to  various  portions  of  the  workings  will  be 
explained  in  the  detailed  consideration  of  the  calculations  of  area 
and  extraction. 

No  allowance  was  made  for  a  barrier  pillar  around  the  tract 
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since  the  barrier  pillar  left  around  the  borders  of  a  mine  constitutes 
only  a  very  small  percentage  of  the  total  area,  and  the  proportion 
which  would  be  chargeable  to  an  area  of  160  acres  would  be  insignifi- 
cant. 

One  result  of  the  limitation  of  the  area  is  the  occurrence  of 
certain  irregularities  in  the  percentages  of  area  occupied  by  different 
portions  of  the  workings  and  in  the  percentages  of  extraction.  These 
irregularities  w6uld  not  be  found  if  a  larger  tract  were  under  con- 
sideration. They  will  be  explained  in  the  discussion  of  the  diagrams 
showing  areas  and  percentages  of  extraction  (Figs.  4  to  9). 

The  dimensions  assumed  are  as  follows: 

Feet 

Entry  width  12 

Main  entry  pillar  25 

Cross  entry  pillar  25 

Room  entry  pillar    20 

Entry   cross-cut   width    12 

Entry  cross-cut   centers    72 

Barrier    pillars    100 

Pillars  at  sides  of  panels   20 

Pillars  at  ends  of  panels    » 25 

Room  neck,  width   18 

Room   neck,   length    12 

Distance   from   entry   rib   to   point   where   room   reaches 

full  width   18 

Room    cross-cut    width    18 

The  constant  quantities  in  the  calculations  are  the  dimensions  of 
the  tract  under  consideration,  the  widths  of  entries  and  entry  pillars, 
the  spacing  and  width  of  entry  cross-cuts  and  room  cross-cuts,  the 
dimensions  of  room  necks,  and  the  widths  of  barrier  pillars  and  of 
pillars  at  sides  and  ends  of  panels.  The  variables  are  the  length 
of  rooms,  the  width  of  rooms,  and  the  number  of  rooms  per  panel. 
Changes  in  these  variables  involve  changes  in  the  percentages  of 
area  occupied  by  different  portions  of  the  workings  and  in  the  per- 
centage of  extraction  in  the  portions  occupied  by  rooms  and  pillars. 

13.  Method  of  Procedure, — The  method  of  procedure  involved : 
first,  the  determination  of  the  percentage  of  coal  won  or  lost  in  any 
portion  of  the  workings,  such  as  rooms  and  pillars,  and  barriers,  dnd 
secondly,  the  determination  of  the  percentage   of  the  entire  area 
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occupied  by  this  portion.  A  calculation  was  made,  for  example,  of 
the  percentage  of  extraction  inside  a  panel  and  then  of  the  i)er- 
centage  of  the  total  area  occupied  by  panels.  A  summation  of  the 
extractions  in  different  workings  gave  the  total  extraction. 

Three  classes  of  workings  are  considered:  (1)  rooms  and  pillars, 
(2)  entries,  and  (3)  pillars  outside  the  panels.  These  divisions  are 
taken  up  separately  and  in  order. 

In  determining  the  area  excavated  in  the  room  and  pillar  area 
of  the  panel,  that  is,  the  area  of  the  panel  mined  out  with  the  excep- 
tion of  the  room  entry,  cdef  and  ghik^  Pig.  1,  a  calculation  of  the 
area  of  a  single  room  and  its  cross-cuts  was  made.  This  area  was 
multiplied  by  the  number  of  rooms  per  panel,  proper  allowance 
being  made  for  the  fact  that  there  is  always  one  more  room  than 
pillars  on  an  entry  and  that  the  total  area  of  cross-cuts  is  calculated 
from  the  number  of  pillars.  To  calculate  the  area  taken  out  per  room 
the  area  lost  at  the  neck  was  subtracted  from  the  product  of  the 
width  and  the  length  of  the  room. 

The  forms  and  the  dimensions  of  the  room  necks  and  cross-cuts 
are  shown  in  Fig.  2.  The  area  lost  at  the  room  neck  in  the  case  of  a 
room  25  feet  wide  is 

2  X  3.5  X  — i —  =  105  square  feet 

In  all  cases  it  was  assumed  that  cross-cuts  were  staggered  and 
that  the  number  of  cross-cuts  through  any  pillar  was  either  one  more 
or  one  less  than  that  made  through  the  adjoining  pillars.  Cross-cuts 
were  so  spaced  that  no  working  place  would  be  driven  more  than 
60  feet  ahead  of  the  air  current.  This  arrangement  gives  an  average 
of  11/^  cross-cuts  per  pillar  for  the  200-foot  rooms,  and  2^^  for  the 
250-foot  rooms.  This  method  of  arranging  cross-cuts  is  common  but 
not  universal.  The  percentage  of  area  occupied  by  cross-cuts  is 
small,  however,  and  it  makes  little  difference,  so  far  as  the  per- 
centage of  extraction  is  concerned,  whether  the  cross-cuts  are  as- 
sumed to  be  in  a  straight  line  or  staggered.  The  area  of  cross-cuts 
per  pillar  in  the  case  of  the  250-foot  room  is 

2.5X18X25  =  1,125  square  feet 

The  area  of  the  rooms  turned  from  one  entry,  with  their  cross- 
cuts, assuming  12  rooms  per  entry  and  a  room  length  of  250  feet,  is 

12  [(25X250) -105]  +  (11  X2. 5X18X25)  =86,115  square  feet 
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Fig.  S.    Boom  Bntst  a\d  Bqou  Nicks 
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In  the  following  computations  it  is  assumed  that  rooms  are 
turned  from  both  the  room  entries,  and  the  area  of  the  number  of 
rooms  and  room  cross-cuts  in  the  panel  is 

2X86,115  =  172,230  square  feet 

The  area  devoted  to  rooms  and  pillars  in  a  panel  of  12  rooms, 
25  feet  wide  on  50-foot  centers  and  250  feet  long,  is 

[24X25X250]  +  [22X25X2501=287,500  square  feet 

and  the  percentage  of  extraction  is 

172,230X100     -^  ^, 

287,500 59.91  per  cent 

14.  Lengths  of  Entries, — The  lengths  of  entries  are  obtained 
by  measurement  or  by  calculation.  The  length  given  in  each  case 
is  that  of  the  double  entry,  e.g.,  the  length  of  the  main  entry  is 
2640  feet. 

15.  Percentage  of  Extraction  in  Entries. — With  the  following 
notation, 

Le= length  of  entry 
We = width  of  entry 

n=  number  of  entries  (2  for  double  entry,  3  for  triple  entry) 
lfp= width  of  entry  pillar 
Trc= width  of  cross-cuts 

Cc= cross-cut  centers 

the  percentage  of  extraction  in  any  entry  or  group  of  entries  is  ex- 
pressed by  the  formula : 

KnXLeXWe)  -j-  (n-l)  i^XWcXWp)]  X  100 
(nXLeXWe)  -h  (n-l)XLeXWp 

With  the  dimensions  assumed  on  page  18,  the  percentage  of 
extraction  in  room  entries  is 

[(2X12)  +  (1?X20)]X100 
-^ =  62.12  per  cent 
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In  the  same  way  the  percentage  of  extraction  in  main  entry  and 
cross  entries  is 

[(2Xl2)  +  (i|x25)]Xl00 
^g =  57.48  per  cent 

The  difference  in  extraction  between  the  main  and  cross  entries 
and  the  room  entries  is  due  to  the  differences  in  width  of  entry  pillars. 

The  area  extracted  in  the  room  entries  inside  the  panel  is  equal 
to  the  area  occupied  by  the  entries  and  entry  pillar  multiplied  by 
the  percentage  of  extraction: 

44X575X0.6212  =  15,716>quare  feet 

16.  Percentage,  of  Extraction  Inside  the  Panel. — The  total 
area  extracted  inside  the  panel  is  the  sum  of  the  areas  of  rooms  with 
their  cross-cuts  and  of  the  entries  and  their  cross-cuts. 

172,230  + 15,716  =  187,946  square  feet 

and  the  percentage  of  extraction  is 

187,946X100     ^^ 
544X575      -^>0«  per  cent 

in  which  544  is  the  width  of  the  panel  and  575  the  length. 

17.  Percentage  of  the  Total  Area  Occupied  by  Panels. — In  any 
restricted  area,  such  as  that  under  consideration,  there  will  be  in  most 
instances  a  number  of  whole  panels  and  parts  of  others  which  can  be 
determined  by  plotting  or  by  computation.  In  the  case  under  con- 
sideration, which  is  illustrated  in  Pig.  1,  there  were  12  whole  panels 
544  by  575  feet,  3  parts  of  panels  155  by  575  feet,  1  part  155  by 
392  feet,  and  4  parts  544  by  392  feet.  The  total  area  of  the  panels 
was  then: 

Square  Feet 

12  X544X575 =3,753,600 

3X155X575=    267,375 

155X392=      60,760 

4X544X392=    852,992 


4,934,727 
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The  total  i)ercentage  of  area  occupied  by  panels  is 

4,034,727X100      -^  on 

6,^,600       -70.80  per  cent 

18.  Percentage  of  Total  Area  Extracted  in  All  Panels. — This 
is  the  product  of  the  percentage  of  total  area  occupied  by  panels 
and  the  percentage  of  extraction  in  panels: 

70.80X0.6009 »42.54  per  cent 

19.  Entry  Area  Outside  the  Panels, — ^A  double  main  entry  is 
assumed  to  be  driven  across  the  tract,  its  area  being  2,640  X  49  «— 
129,360  square  feet.  In  the  case  of  the  two  double  cross  entries 
the  width  is  the  same,  but  the  length  is  less  by  the  width  of  the  main 
entry  from  which  the  two  cross  entries  are  driven.  The  area  of 
these  two  is 

2X2,591X49-253,918  square  feet 

The  area  devoted  to  the  main  entry  was  the  same  in  all  instances 
since  only  one  main  entry  was  assumed.  The  area  of  cross  entries 
varied  considerably  as  there  were  sometimes  three  cross  entries,  some- 
times two  and  sometimes  only  one. 

The  area  of  room  entries  outside  the  panel  is 

16  X44X 100  »  70,400  square  feet 

In  the  tract  under  consideration,  illustrated  in  Pig.  1,  there  are 
no  fractional  widths  of  cross  entry  barriers  to  be  considered  and 
all  the  portions  of  room  entries  outside  the  panels  are  100  feet  long. 
In  some  other  cases  there  were  fractions  of  barrier  pillars  and  there- 
fore different  lengths  of  room  entries  outside  the  panels. 

The  total  area  occupied  by  entries  outside  the  panels  is  the 
sum  of  the  areas  of  main  entry,  cross  entries,  and  room  entries  with 
their  entry  pillars: 

Square  Feet 

Main  entry 129,360 

Cross  entries 253,918 

Room  entries 70,400 

453,678 
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The  area  of  the  room  entries  and  entry  pillars  inside  the  panels  is 
12X44X575  +  4X44X392  -  372,592  square  feet 

20.  Percentage  of  Area  Occupied  by  Entries. — The  percentages 
of  total  area  occupied  by  entries  are  as  follows : 

, .  .       ^  129,360X100     ,  Oil 

Mamentry _^__- -1^  per  cent 

^ ,     ^  .  253,918X100     «  ^ - 

^^«««°*"^ 6,969,600     '^'^P^^^ 

Room  entries — outside  panels     ....       a'qaq  fioo     "^'01  per  cent 

T,            *  •        •     J           1  372,592X100     .«. 

Room  entnes — mside  panels ""fiiSftOfino'"- "        ^^  ^*** 

The  percentage  of  the  total  area  occupied  by  room  entries  both  out- 
side and  inside  the  panel  is 

1.01 +5.35 -6.36  per  cent 

21.  Percentage  of  Total  Area  Extracted  in  Entries. — ^To  get  the 
percentage  of  total  area  extracted  in  entries,  the  i>ercentage  of  area 
occupied  by  the  entry  is  multiplied  by  the  calculated  i>ercentage 
of  extraction,  as  follows: 

PeroaUage 

Peroentafte  of  total  *area  extracted  in  room  entries 

inside  panels 5.35X0.6212-3.32 

Percentage  of  total  area  extracted  in  room  entries 

outside  panels 1.01X0.6212-0.63 

Percentage  of  total  area  extracted  in  cross  entries  .  3.64X0.5748—2.09 

Percentage  of  total  area  extracted  in  main  entry  .  1 . 86 XO. 5748  —  1 .07 

Total  percentage  extracted  in  entries  7.11 

22.  Summary  of  Percentages  of  Extraction. — ^The  extraction  in 
the  different  parts  of  the  mine  may  then  be  summarized  as  follows: 

Percentage 

Panels 42.54 

Room  entries — outside  panels 0.63 

Cross  entries 2.09 

Main  entry 1.07 

Total 46.33 
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23.  Area  Left  in  PiUars  Outside  the  Panels. — ^The  only  area 
remaining  to  be  considered  is  that  occupied  by  barrier  pillars  and 
piUars  at  sides  and  ends  of  panels.  As  it  is  assumed  that  this  pillar 
coal  is  entirely  lost  the  only  thing  to  be  considered  is  the  area  and 
the  percentage  of  total  area  occupied  by  the  pillars.  If  in  any  case 
it  is  to  be  assumed  that  some  of  this  coal  is  to  be  saved,  the  amount 
thus  extracted  may  be  found  by  multiplying  the  area  of  the  pillars 
by  the  percentage  of  extraction. 

It  is,  of  course,  not  always  true  that  all  the  coal  thus  left  is 
lost,  and  theoretically  this  is  seldom  the  case,  as  it  is  generally  in- 
tended that  a  large  part  of  the  coal  left,  especially  in  barrier  pillars, 
will  be  extracted  later.  In  some  coal  mining  districts  this  coal  is 
extracted,  but  in  the  Illinois  fields  very  little  of  the  barrier  coal  is 
mined;  consequently  it  seems  better  to  assume  complete  loss  of  this 
coal  rather  than  an  arbitrary  percentage  of  recovery. 

In  the  case  of  each  entry  barrier  the  area  is  the  length  of  the 
barrier  multiplied  by  its  width,  minus  the  area  of  the  entries  which 
extend  through  it  but  including  the  entry  pillar.  The  area  of  the  main 
entry  barrier  pillars,  as  thus  defined,  is 

2X100X2640  -  [(8X100X12)  +  (4X25X12)]  =  617,200  square  feet 

The  percentage  of  the  total  area  devoted  to  main  entry  barrier 
pillars  is 

517,200X100    ..^ 
6,969,600     -7-42  per  cent 

This  percentage  is  unusually  high  because  of  the  small  area  con- 
sidered. In  the  case  of  a  square  area  of  5,000  acres  with  one  main 
entry  with  barrier  pillars  100  feet  wide,  the  percentage  of  area 
occupied  by  the  main  entry  barriers  is  about  1.3  per  cent. 

The  length  of  the  cross  entry  barrier  pillars  is  the  distance 
across  the  tract  minus  the  width  of  the  main  entry  with  its  two 
barrier  pillars.    The  area  is 

4X100(2640-249)  -  [(32X100X12)  +  (16X20X12)]  -  914,160  square  feet 

The  percentage  of  total  area  is 

914,160X100     -,  ,^ 
6,969,600     °^3.12  per  cent 
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The  area  left  in  pillars  at  the  ends  of  panels  is,  in  the  cases 
assumed 

25  X  (2640-249)  =  59,775  square  feet 

The  percentage  of  the  total  area  occupied  by  these  pillars  is 

59,775X100     ^  oa 
-^^55^^55^=0.86  per  cent 

The  area  of  the  pillars  left  at  the  sides  of  panels  is,  in  the  case 
assumed 

(9X20)^575)  +  (3X20X392)  =  127,020  square  feet 

The  percentage  of  total  area  occupied  is 

127,020X100      -  oo 
6,969,600      -^-82  per  cent 

The  sum  of  the  various  items  of  loss  in  pillars  outside  the  panels 
and  entries  is 

Main  entry  barrier 7.42 

Cross  entry  barrier 13.12 

Total  in  entry  barriers         20.54 

in  pillars  at  ends  of  panels 0.86 

In  pillars  at  sides  of  panels 1.82 

Total  left  in  pillars  outside  the  panels 23.22 

24.  Percentages  of  Extraction  with  Different  Room  Widths,— 
In  computing  the  percentage  of  total  extraction  with  various  other 
room  widths  considered:  viz.,  20,  30,  35,  and  40  feet  the  dimensions 
of  room  centers  were  kept  unchanged  at  50  feet.  It  is  recognized 
that  this  would  not  be  the  practice,  but  a  change  of  room  centers 
would  have  so  complicated  the  problem  as  to  require  a  much  longer 
period  for  the  attainment  of  results.  The  method  of  calculation 
has  been  clearly  indicated  and  it  is  possible,  by  selecting  room  and 
pillar  widths  of  the  proper  ratio  in  Tables  4,  5,  and  6  to  obtain  dose 
approximations  to  the  percentages  of  extraction  and  loss  with  any 
widths  of  room  and  pillar  desired. 

It  was  assumed  that  the  length  of  the  panels  and  the  percentage 
of  total  area  devoted  to  panels  for  each  number  of  rooms  per  entry 
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were  not  changed  by  these  alterations  in  room  and  pillar  dimensions. 
This  assumption  is  not  strictly  true,  since  the  length  of  the  panel 
varies  with  the  room  width;  for  example,  a  panel  of  eight  40-foot 
rooms  to  the  entry  is  390  feet  long  instead  of  the  375  feet  assumed. 
The  discrepancies  are  greatest  in  the  instances  of  widest  rooms,  because 
the  difference  between  real  panel  length  and  assumed  panel  length  is 
greatest.  There  are  two  errors  which  partially  neutralize  each  other, 
and  it  was  found  by  computation  for  the  extreme  cases  that  the  final 
errors  were  very  small.  In  the  first  place  if  the  panel  is  actually 
longer  than  is  assumed,  the  percentage  of  extraction  in  the  panel  is 
less  than  that  computed. '  In  the  second  place  if  the  panel  is  longer 
than  assumed,  the  total  area  occupied  by  panels  is  greater  than 
that  computed.  The  errors  for  the  first  and  the  last  figures  in  the 
various  columns  of  Table  4  are  as  follows:  In  the  column  for 
20-foot  rooms  the  first  figure  is  0.05  too  high  and  the  last  figure  is 
0.29  too  low ;  in  the  column  for  25-foot  rooms  the  figures  are  correct ; 
in  the  column  for  30- foot  rooms  the  first  figure  is  0.05  too  low  and 
the  last  figure  0.04  too  high;  in  the  column  for  35-foot  rooms  the 
first  figure  is  0.11  too  low  and  the  last  figure  0.25  too  high;  in  the 
column  for  40-foot  rooms  the  first  figure  is  0.15  too  low  and  the  last 
figure  0.67  too  high.  The  other  figures  in  each  column  have  errors 
intermediate  between  those  of  the  first  and  last  figures.  The  errors 
all  being  less  than  one  per  cent,  it  is  apparent  that  this  method  of 
calculation  is  sufficiently  accurate  for  all  purposes  for  which  it  is 
likely  to  be  used,  as  departures  from  the  projected  method  of  work- 
ing will  account  for  greater  differences  between  the  actual  and  the 
computed  output  than  the  small  errors  in  the  tables. 

25.  Tables  and  Diagrams, — For  convenience  in  reference  the 
values  obtained  by  the  methods  described  in  the  preceding  pages 
have  been  collected  in  Tables  1-7,  which  give  the  percentages  of  total 
area  occupied  by  different  classes  of  workings,  the  percentages  of 
extraction  in  these  different  classes,  the  percentages  of  total  area 
excavated  in  the  different  classes  of  workings,  the  percentage  of  total 
area  won,  the  lengths  of  entries  and  the  amounts  of  narrow  work. 

Most  of  the  facts  given  in  the  tables  are  shown  graphicalljr  in 
Pigs.  3  to  9.  These  figures  permit  comparison  between  the  results 
obtained  by  the  use  of  different  dimensions  of  workings. 

For  25-foot  rooms.  Table  1  shows  in  column  3  the  percentage  of 
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Table  1 

Extraction  m  Panels 

25-Foot  Rooms 


Percentage  of 

Percentage  of 
Extraction 

Percentage  of 

Percentage  oi 

Lencthof 

Number  of 

Eztrmctionin 

Total  Ana 

Total  Araa 

RoCMDt 

Room*  per 

Room  and 

Occupied  by 

Extracted 

(Feet) 

Room  Entry 

Pillar  Areal 

Panel 

Pkneb 

in  Panels 

8 

58.61 

58.87 

62.17 

36.60 

12 

67.64 

67.09 

70.20 

40.71 

200 

16 

67.06 

57.66 

77.09 

44.87 

20 

66.78 

57.31 

78.45 

44.06 

24 

66.60 

57.15 

78.45 

44.83 

28 

66.47 

57.03 

79.28 

45.21 

8 

60.89 

60.02 

62.71 

38.20 

12 

60.01 

60.00 

70.80 

42.54 

2fi0 

16 

60.46 

60.67 

77.76 

46.40 

20 

60.10 

60.43 

79.14 

47.03 

24 

60.01 

69.27 

79.13 

46.90 

28 

68.80 

60.16 

79.97 

47.30 

8 

62.30 

62.37 

63.25 

39.46 

12 

61.40 

61.53 

71.41 

43.94 

900 

16 

61.06 

61.12 

78.43 

47.94 

20 

60.80 

60.88 

79.81 

48.50 

24 

60.63 

60.73 

79.81 

48.47 

28 

60.51 

60.62 

80.65 

48.80 

iRoom  and  pillar  area  shown  by  hatching  in  Fig.  1. 
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extraction  in  the  room  and  pillar  area  obtained  with  each  length 
of  room  and  each  number  of  rooms  per  entry ;  in  column  4  the  total 
percentage  of  extraction  inside  the  panel,  that  is,  the  sum  of  the 
extraction  in  rooms  and  room  cross-cuts,  and  in  room  entries ;  iu  col- 
umn 5  the  percentage  of  the  total  area  iucluded  in  panels;  and  in 
column  6  the  percentage  of  the  total  area  extracted  in  panels.  The 
X>ercentage  extracted  in  the  panels  plus  the  percentage  extracted  in 
the  entries  outside  the  panels  gives  the  total  i>ercentage  of  extraction. 

The  values  in  column  4  of  Table  1,  the  percentage  of  extraction 
inside  the  panel  for  rooms  25  feet  wide,  are  illustrated  by  Fig.  3. 
For  a  given  width  of  room  and  piUar  the  percentage  of  extraction 
inside  the  panel  decreases  somewhat  as  the  number  of  rooms  per  entry 
increases,  because  the  proportion  of  the  total  panel  area  remaining 
in  pillars  increases  as  the  number  of  rooms  increases  and  the  per^ 
centage  of  extraction  correspondingly  decreases.  With  only  two  rooms 
and  one  piUar  approximately  1/3  of  the  coal  is  left  in  the  pillar, 
while  with  the  10  rooms  and  9  pillars  H9  remain  and  with  20  rooms 
and  19  pillars  ^^9  remain. 

The  values  in  column  5  of  Table  1  are  illustrated  in  Pig.  4  which 
shows  the  percentage  of  total  area  included  in  panels  for  25-foot 
rooms,  200  feet,  250  feet,  and  300  feet  long  respectively,  and  for  8, 12, 
16,  20,  24,  and  28  rooms  i>er  entry.  These  diagrams  show  that  the  per- 
centage of  area  devoted  to  panels  increases  with  the  length  of  the  room 
and  the  number  of  rooms  i)er  entry.  The  increase  is  especially  rapid 
for  the  smaller  number  of  rooms  per  entry  and  comparatively  small 
for  the  larger  number  of  rooms  per  entry. 

It  will  be  noticed  that  there  is  a  reversal  in  the  direction  of  the 
lines  at  24  rooms  per  entry  shown  in  the  broken  lines  based  on  the 
figures  in  the  table,  and  that  there  is  no  corresponding  change  in 
direction  of  the  diagrams  for  percentage  of  extraction  inside  the  panel. 
These  facts  show  that  the  drop  in  the  diagrams  of  total  extraction 
(Fig.  6)  at  24  rooms  per  entry  is  due  to  the  irregularity  of  the  increase 
of  i>ercentage  of  total  area  included  in  panels,  which  in  turn  is  due  to 
the  limited  area  considered.  The  solid  lines  (Figs.  4  and  6)  show  the 
positions  when  a  large  area  is  considered,  and  the  same  results  are 
reached  by  calculation  for  25  rooms  per  entry. 

It  will  also  be  noticed  that  there  is  a  comparatively  rapid  change 
in  the  direction  of  the  lines  when  there  are  about  16  rooms  per  panel. 
This  fact  indicates  that  with  16  rooms  per  panel,  or  less,  the  percent- 


Digitized  by  VjOOQ  IC 


30 


ILLmOIS  ENGINEEBINO  EZPEBIUBNT  STATION 


oo 

_, 

^ 

.     . 

*s 

^■^^^'^'^ 

— '^^ 

.^ 

Z-^ 

- — ^^ 

^ 

""^^j 

Vj 

^T^ 

^^„„-.— 

,^^„— -__. 

^^ 

i. 

^'""  ■"■ " 

' 

^ 

^ 

•? 

73 

—ffoomLenffth  of  300  ft. 

1 

I 

Va'v. 

RoomLengfh  ofZSOfr, 

/// 

Rot                ' 

7mLengmor  k:uui 

7 

5 

t) 

• 

/// 

1 

'// 

X 

>. 

70 

Jl 

'/ 

1 

> 

' 

1 

k 

1 

^ 

->// 

/// 

w 

'( 

o 

/z 

/6 

20 

B4^ 

ed 

NumJt?erof/^oom3per£^ntry 

Fig.  4.    Percentage  or  Total  Area  Included  in  Panels  fob  Books 
25  Feet  Wide,  on  50-Foot  Centers 

age  of  area  occupied  by  panels  increases  rapidly  with  the  number  of 
rooms  per  entry.  For  16  rooms,  or  more,  the  increase  is  slow.  TMs 
change  also  shows  as  does  the  diagram  for  total  percentage  of  extrac- 
tion, that  this  percentage  increases  comparatively  rapidly  with  the 
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increase  of  nnmber  of  rooms  per  entry  to  about  16  and  that  after  this 
nnmber  is  reached  the  rate  of  increase  is  small. 


Table  2 
Extraction  in  Entries 


Number 

of 
Rooms 

Room 

Rooms 
(Feet) 

by  Entries 

Extracted 

lo  Entries 

Main 

Cross 

Room  Entry 

Tots] 

Main 

Cross 

Room 

Total 

Entry 

Eniry 

Entry 

Outside 

Inside 

Entry 

Entry 

Entry 

Psnel 

Psnel 

8 

1.86 

5.46 

1.79 

5.02 

15.03 

1.07 

3.14 

4.79 

9.00 

12 

1.86 

3.64 

1.26 

6.68 

13.44 

1.07 

2.09 

4.93 

8.09 

200 

16 

1.86 

1.82 

0.76 

7.34 

11.78 

1.07 

1.05 

5.03 

7.15 

20 

1.86 

1.82 

0.63 

7.47 

11.78 

1.07 

1.05 

5.03 

7.15 

24 

1.86 

1.82 

0.63 

7.47 

11.78 

1.07 

1.05 

5.03 

7.15 

28 

1.86 

1.82 

0.63 

7.55 

11.86 

1.07 

1.05 

5.08 

7.20 

8 

1.86 

6.46 

1.43 

4.74 

13.49 

1.07 

3.14 

3.83 

8.04 

12 

1.86 

3.64 

1.01 

5.35 

11.86 

1.07 

2.09 

3.95 

7.11 

250 

16 

1.86 

1.82 

0.61 

5.87 

10.16 

1.07 

1.05 

4.02 

6.14 

20 

1.86 

1.82 

0.61 

5.97 

10.16 

1.07 

1.06 

4.03 

6.15 

34 

1.86 

1.82 

0.51 

6.97 

10.16 

1.07 

1.05 

4.03 

6.15 

28 

1.86 

1.82 

0.61 

6.04 

10.23 

1.07 

1.05 

4.07 

6.19 

8 

1.86 

5.46 

1.43 

4.74 

13.49 

1.07 

3.14 

3.83 

8.04 

12 

1.86 

3.64 

1.01 

5.35 

11.86 

1.07 

2.09 

3.95 

7.11  . 

300 

16 

1.86 

1.82 

0.61 

5.87 

10.16 

1.07 

1.06 

4.02 

6.14 

20 

1.86 

1.82 

0.51 

6.97 

10.16 

1.07 

1.05 

4.03 

6.15 

24 

1.86 

1.82 

0.61 

5.97 

10.16 

1.07 

1.05 

4.03 

6.15 

28 

1.86 

1.82 

0.51 

6.04 

10.23 

1.07 

1.05 

4.07 

6.19 

Table  2  gives  the  percentage  of  total  area  occupied  by  entries 
and  the  i)ercentage  of  total  area  extracted  in  entries,  all  for  rooms 
25  feet  wide.  Column  3  gives  the  percentage  of  total  area  in  the  main 
entry,  column  4  the  percentage  of  total  area  in  the  cross  entries, 
column  5  the  percentage  of  total  area  in  the  room  entries  outside 
the  panel,  column  6  the  percentage  of  total  area  in  the  room  entries 
inside  the  panel,  and  column  7  the  total  percentage  of  area  occupied 
by  entries.  Column  8  gives  the  percentage  of  total  area  extracted 
in  main  entry,  column  9  the  percentage  extracted  in  cross  entries, 
column  10  the  percentage  extracted  in  room  entries,  and  column  11 
the  total  percentage  of  area  extracted  in  entries. 

The  values  in  Table  2  are  illustrated  by  Pig.  5  which  shows  the 
percentage  of  total  area  occupied  by  entries,  including  the  entry  pil- 
lars, for  different  numbers  of  rooms  per  entry  and  different  lengths 
of  rooms.  The  diagrams  are  drawn  for  25-foot  rooms,  but,  as  shown 
in  the  discussion  of  the  methods  of  calculation,  they  would  be  only 
slightly  changed  if  different  room  widths  were  considered. 
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Golamn  3  of  Table  3  shows  the  amounts  of  narrow  work  in  en- 
tries.   Columns  4,  5,  6,  and  7  give  respectively  the  length  of  main 

Table  3 
Length  of  Entries  and  Yards  or  Narrow  Work 


Loicthof 

Number  of 
Rooms  per 
Room  Entry 

Yards  of 
Narrow 
Work 

Lencth  of  Double  Entries  in  Feeti 

Roonu 

(Feet) 

Main 
Entry 

Cross 

Entry 

Room 
Entry 

Total 

200 

8 
12 
16 
20 
24 
28 

17192 
15488 
13707 
13707 
13707 
13804 

2640 
2640 
2640 
2640 
2640 
2640 

7773 
5182 
2501 
2501 
2501 
2501 

12215 
12585 
12830 
12830 
12830 
12955 

22628 
20407 
18061 
18061 
18061 
18186 

250 

8 
12 
16 
20 
24 
28 

15333 
135ftl 
11752 
11771 
11771 
11848 

2640 
2640 
2640 
2640 
2640 
2640 

7773 
5182 
2591 
2501 
2501 
2501 

9772 
10068 
10264 
10264 
10264 
10364 

20185 
17889 
15495 
15495 
15495 
15505 

900 

8 
12 
16 
20 
24 
28 

15333 
13501 
11762 
•  11771 
11771 
11848 

2640 
2640 
2640 
2640 
2640 
2640 

7773 
5182 
2501 
2501 
2591 
2501 

9772 
10068 
10264 
10264 
10264 
10864 

20185 
17889 
15495 
15495 
15495 
15505 

iTbese  lengths  refer  to  pairs  of  entries,  not  to  single  entries:  L  e.,  thsy  represent  haulsgw  distanoes 
along  tlie  entries.  The  total  length  of  narrow  work  for  which  yardage  is  paid  is  therefore  doable  the 
length  given,  plus  the  sum  of  the  lengths  of  cross-cuts. 

entries,  cross  entries,  room  entries  and  total  entries,  in  all  cases  with- 
out entry  cross-cuts.  It  should  be  noted  that  these  are  the  lengths 
of  double  entries  and  not  of  single  entries;  for  example,  the  length 
of  the  main  entry,  2640  feet,  is  the  distance  across  the  tract. 

The  total  cross  entry  length  does  not  vary  with  the  length  of 
rooms,  but  decreases  with  the  increase  in  the  number  of  rooms  per 
entry.  This  decrease  is  actually  more  regular  than  is  indicated,  be- 
cause the  table  is  for  a  small  tract  in  which  a  cross  entry  is  occasion- 
ally forced  outside  the  boundary  by  increase  of  number  of  rooms 
per  entry,  ^''r^lMl 

In  the  tract  considered  the  total  room  entry  length  is  the  same 
for  250-foot  and  300-foot  rooms,  but  is  greater  for  200-foot  rooms. 
If  a  large  area  were  considered,  the  lengths  for  the  250-foot  and  300- 
foot  rooms  would  not  coincide,  but  the  length  for  the  250-foot  rooms 
would  lie  between  those  of  the  200-foot  and  300-foot  rooms.  The  total 
length  of  room  entries  increases  slightly  as  the  number  of  rooms  i)er 
entry  increases. 
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/Vumder  of /foams  per  £n/n/ 
Fig.  6.    Total  Percentage  op  Extraction 


The  decrease  in  length  of  cross  entries  with  increase  of  number 
of  rooms  per  entry  ceases  at  about  16  rooms  per  entry.  If  a  larger 
area  were  considered,  the  change  would  be  less  abrupt  than  it  is. 
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Table  4  gives  the  percentages  of  extraction  for  all  widths  of 
rooms  considered.  The  first  group  of  figures  in  columns  3,  4,  5,  6, 
and  7,  gives  the  percentage  of  extraction  inside  the  panel  for  each 
width  of  room,  for  each  length  of  room  and  for  each  number  of  rooms 
per  entry.  The  second  group  of  figures,  given  in  columns  8,  9,  10, 
11,  and  12,  gives  the  percentage  of  total  area  extracted  in  panels  for 
each  width  of  room,  each  length  of  room,  and  each  number  of  rooms 
per  entry.  In  each  case  this  percentage  is  obtained  by  multiplying 
the  percentage  of  extraction  inside  the  panel  by  the  percentage  of 
area  occupied  by  panels.  The  values  in  column  13  give  the  percentage 
of  area  extracted  in  entries  outside  the  panels. 

The  third  group  of  figures,  given  in  columns  14,  15,  16,  17,  and 
18,  gives  the  total  percentage  of  extraction.  This  percentage  is  ob- 
tained in  each  case  by  adding  to  the  i>ercentage  of  area  extracted  in 
panels  the  i>ercentage  of  area  extracted  in  entries  outside  the  panels. 

It  will  be  noted  that  the  total  percentage  of  extraction  is  increased 
by  increasing  the  length  of  rooms,  the  width  of  the  rooms  and  the 
number  of  rooms  per  entry. 

The  values  for  total  extraction  given  in  Table  4  are  shown  graphi- 
cally by  Pig.  6.  This  set  of  diagrams  shows  plainly,  in  the  broken 
lines  plotted  from  the  figures  in  the  table,  one  of  the  irregularities 
resulting  from  the  use  of  a  small  area  as  a  basis  for  calculation :  that 
is,  the  apparent  drop  in  total  percentage  of  extraction  at  24  rooms 
per  entry.  The  percentage  of  extraction  does  not  actually  drop  at 
this  point,  however,  the  apparent  drop  being  due  to  the  consideration 
of  a  limited  area.  Calculations  for  25  rooms  per  entry  place  the  curve 
at  its  approximately  proper  position,  and  the  solid  lines  show  this 
position. 

Table  5  shows  the  percentage  of  loss  inside,  the  panel  and  the 
I>ercentage  of  total  area  lost  inside  the  panels,  for  all  conditions  con- 
sidered. Columns  3  to  7  inclusive  give  the  percentages  of  loss  inside 
the  panel  for  the  different  conditions ;  columns  8  to  12  inclusive  give 
the  percentage  of  total  area  lost  inside  the  panels.  These  latter  figures 
are  obtained  by  multiplying  the  percentage  of  area  devoted  to  panels 
by  the  percentage  of  loss  inside  the  panels,  which  is  obtained  by  sub- 
tracting the  percentage  of  extraction  inside  the  panel  from  one  hun 
dred. 

Table  6  gives  the  percentages  of  total  area  left  in  pillars  outside 
panels;  that  is,  all  coal  left  in  the  mine  except  that  in  room  pillars 
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Peroentace  of  LoH 
IntidePanela. 

Peroentsce  of  Total  Aiea 
Lost  Inside  Panels 

Leogthof 

Number  of 
Rooms  per 

Rooms 

(Foot) 

Room  Entry 

20-ft. 
Rooms 

25-ft. 
Rooms 

30-ft. 
Rooms 

35.ft. 
Rooms 

40-ft. 
Rooms 

20-ft. 
Rooms 

25-ft. 
Rooms 

80-ft. 
Rooms 

35.ft. 
Rooms 

40-ft. 
Room* 

8 

48.88 

41.13 

33.38 

25.62 

17.87 

30.39 

25.67 

20.75 

15.93 

11.11 

12 

40.54 

42.01 

34.48 

26.95 

19.41 

34.64 

29.49 

24.20 

18.92 

13.63 

200 

16 

40.86 

42.44 

35.01 

27.59 

20.16 

38.44 

32.72 

26.99 

21.27 

15.54 

20 

60.06 

42.60 

35.33 

27.96 

20.00 

39.26 

33.49 

27.72 

21.93 

16.16 

24 

50.18 

42.85 

35.53 

28.21 

20.90 

89.37 

33.62 

27.87 

22.13 

16.40 

28 

S0J26 

42.97 

36.17 

28.39 

21.67 

39.85 

33.99 

28.68 

22.51 

17.18 

8 

46.76 

30.08 

31.41 

23.74 

16.07 

29.32 

24.51 

19.70 

14.89 

10.08 

12 

47.35 

30.91 

32.48 

25.08 

17.61 

33.52 

28.26 

23.00 

17.76 

12.47 

250 

16 

47.65 

40.33 

33.01 

25.99 

18.38 

37.05 

31.36 

26.67 

20.21 

14.29 

20 

47.82 

40.67 

33.33 

26.07 

18.73 

37.84 

32.11 

26.38 

20.63 

14.82 

24 

47.96 

40.78 

33.53 

26.33 

19.14 

37.94 

32.23 

26.53 

20.83 

16.16 

28 

48.02 

40.85 

33.64 

26.50 

19.33 

38.40 

32.67 

26.90 

21.19 

15.46 

8 

45.25 

37.63 

30.02 

22.40 

14.79 

28.62 

23.80 

18.99 

14.17 

9.35 

12 

45.83 

38.47 

31.11 

23.74 

16.38 

32.73 

27.47 

22.22 

16.95 

11.70 

300 

16 

46.12 

38.88 

31.63 

24.39 

17.15 

36.17 

30.49 

24.81 

19.13 

13.45 

20 

46.29 

39.12 

31.94 

24.77 

17.60 

36.94 

31.22 

25.49 

19.77 

14.05 

24 

46.40 

39.27 

32.16 

25.02 

17.90 

37.03 

31.34 

25.66 

19.97 

14.29 

28 

46.48 

39.38 

32.29 

25.20 

18.11 

37.49 

31.76 

26.04 

20.33 

14.61 

Table  6 
Pebcrntagb  Lost  in  Pillabs  Outside  the  Panels  Except  in  Entries 


Peroentace  of  Total  Area  Left  in  Pillars  Outside  Panel 

Except  Entry  Pillars 

Lencthof 

Number  of 
Rooms  per 

Rooms 

(Feet) 

Room  Entry 

Main 

Cross 

Total  in 

Entry 

Entry 

Entry 

At  Ends 

At  Sides 

Total 

Barriers 

Barriers 

Barriers 

of  Panels 

of  Panels 

8 

7.34 

18.41 

25.75 

1.72 

2.15 

29.62 

12 

7.42 

12.96 

20.38 

0.86 

2.43 

23.67 

200 

16 

7.50 

7.82 

15.32 

0.86 

2.67 

18.85 

20 

7.60 

6.48 

13.98 

0.86 

2.72 

17.56 

24 

7.50 

6.48 

13.98 

0.86 

2.72 

17.56 

28 

7.50 

6.48 

13.98 

0.00 

2.74 

16.72 

8 

7.34 

18.63 

25.97 

1.72 

1.61 

29.30 

12 

7.42 

13.12 

20.54 

0.86 

1.82 

23.22 

260 

16 

7.50 

7.92 

16.42 

0.86 

2.00 

18.28 

20 

7.50 

6.56 

14.06 

0.86 

2.04 

16.96 

24 

7.50 

6.56 

14.06 

0.86 

2.04 

16.96 

28 

7.50 

6.56 

14.06 

0.00 

2.06 

10.12 

8 

7.34 

18.63 

25.97 

1.72 

1.08 

28.77 

12 

7.42 

13.12 

20.54 

0.86 

1.22 

22.62 

800 

16 

7.50 

7.92 

15.42 

0.86 

1.34 

17.62 

20 

7.50 

6.56 

14.06 

0.86 

1.36 

16.28 

24 

7.50 

6.66 

14.06 

0.86 

1.36 

16.28 

28 

7.50 

6.56 

14.06 

0.00 

1.37 

15.43 
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and  entry  pillars.  Column  3  gives  the  percentage  of  total  area  occu- 
pied  by  the  main  entry  barriers;  column  4  the  percentage  of  total 
area  occupied  by  cross  entry  barriers;  and  column  5  the  percentage 
of  total  area  in  all  entry  barriers,  the  sum  of  the  two  preceding  col- 
umns. Column  6  gives  the  percentage  of  total  area  left  in  pillars  at 
ends  of  panels,  column  7  the  percentage  of  total  area  left  in  pillars  at 
sides  of  panels,  and  column  8  the  percentage  of  total  area  left  in  pillars 
outside  the  panels  except  in  entries.  Column  8  represents  the  sum 
obtained  by  adding  together  the  proper  figures  in  columns  3,  4,  6, 
and?. 

Table  7 
Extraction  in  Wide  Work  and  in  Narrow  Work 


Obtained  from  Narrow  Work 

Percentage  of  Total  ExtracUon 

Length  of 

Number  of 

Obtained  from  Wide  Work 

Rooms 

Rooms  per 
Room  Entry 

(Feet) 

20-ft. 

25-ft. 

30-ft. 

35-ft. 

40-ft. 

20-ft. 

25-ft. 

30.ft. 

35-ft. 

40-ft. 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

8 

24.26 

21.47 

19.26 

17.46 

15.96 

76.74 

78.53 

80.74 

82.54 

84.04 

12 

20.66 

18.12 

16.20 

14.66 

.13.37 

79.45 

81.88 

83.80 

85.36 

86.63 

200 

16 

17.34 

15.23 

13.57 

12.24 

11.16 

82.66 

84.77 

86.43 

87.76 

88.85 

20 

17.16 

15.06 

13.43 

12.11 

11.03 

82.86 

84.94 

86.57 

87.89 

88.97 

24 

17.19 

15.10 

13.47 

12.15 

11.07 

82.81 

84.90 

86.53 

87.86 

88.93 

28 

17.17 

15.09 

13.46 

12.15 

11.07 

82.83 

84.91 

86.54 

87.85 

88.93 

8 

20.78 

18.57 

16.71 

16.19 

13.93 

79.22 

81.43 

83.29 

84.81 

86.07 

12 

17.32 

15.35 

13.78 

12.51 

11.45 

82.68 

84.65 

86.22 

87.49 

88.65 

250 

16 

14.21 

12.56 

11.19 

10.21 

9.31 

85.79 

87.44 

88.81 

89.79 

90.09 

20 

14.06 

12.43 

11.14 

10.09 

9.22 

85.94 

87.67 

88.86 

89.91 

90.78 

24 

14.10 

12.47 

11.17 

10.13 

9.26 

85.90 

87.53 

88.83 

89.87 

90.74 

28 

14.07 

12.45 

11.15 

10.11 

9.25 

85.93 

87.66 

88.86 

89.89 

90.75 

8 

20.26 

18.06 

16.30 

14.85 

13.63 

79.76 

81.94 

83.70 

85.16 

86.37 

12 

16.74 

14.90 

13.42 

12.21 

11.20 

83.26 

85.10 

86.68 

87.79 

88.80 

300 

16 

13.72 

12.17 

10.94 

9.94 

9.10 

86.28 

87.83 

89.06 

90.06 

90.90 

20 

13.57 

12.05 

10.84 

9.84 

9.02 

86.43 

87.95 

89.16 

90.16 

90.98 

24 

13.60 

12.08 

10.87 

9.87 

9.05 

86.40 

87.92 

89.13 

90.13 

90.95 

28 

13.57 

12.06 

10.85 

9.86 

9.04 

86.43 

87.94 

89.16 

90.14 

90.96 

Table  7  gives  a  comparison  between  the  total  extraction  made 
in  narrow  work  and  that  made  in  wide  work.  Columns  3  to  7,  inclu- 
sive, give  the  percentage  of  total  extraction  obtained  from  narrow 
work;  that  is,  from  entries  and  entry  cross-cuts  for  all  conditions 
considered.  In  each  case  the  total  extraction,  whatever  the  actual 
figure,  is  considered  100  per  cent.  Columns  8  to  12,  inclusive,  give 
the  percentage  of  total  extraction  obtained  from  wide  work;  that  is, 
from  rooms,  room  necks,  and  room  cross-cuts.  When  these  values  are 
considered,  it  should  be  remembered  that  the  limit  between  wide 
work  and  narrow  work  has  been  set  arbitrarily.    It  is  considered  for 


Digitized  by  VjOOQ  IC 


PANEL  SYSTEM  OF  GOAL  MINING  39 

the  purpose  of  these  calculations  that  all  workings  less  than  18  feet 
in  width  are  narrow  work  and  all  workings  18  feet  or  more  in  width 
are  wide  work.  It  is  to  be  noted  that  the  percentage  of  the  total 
extraction  obtained  from  narrow  work  decreases  as  the  length  of 
rooms  increases,  as  the  number  of  rooms  per  entry  increases,  and  as 
the  width  of  rooms  in  relation  to  width  of  room  pillars  increases. 

As  narrow  work  is  more  expensive  than  wide  work,  efforts  will 
be  made  to  reduce  it  to  the  minimum  in  places  where  the  conditions 
of  roof  and  floor  permit.  This  reduction  can  sometimes  be  accom- 
plished by  increasing  the  width  of  entries  and  entry  cross-cuts.  Where 
this  increase  is  impossible,  the  only  means  of  reducing  the  amount  of 
narrow  work  is  by  decreasing  the  length  of  entries,  assuming  that 
room  cross-cuts  and  room  necks  are  wide  work.  This  assumption,  how- 
ever, is  not  always  true.  The  work  of  J.  C.  Quade  (see  Appendix  I) 
illustrates  the  reduction  of  narrow  work  by  increase  of  the  width  of 
room  cross-cuts. 

Summaries  of  the  percentages  won  and  lost  in  different  portions 
of  the  workings  are  given  in  Figs.  7,  8,  and  9,  which  illustrate  the 
results  with  rooms  25  feet  wide,  and  200,  250,  and  300  feet  long 
resi>ectively.  In  each  case  the  total  height  of  the  diagram  represents 
100  per  cent  of  area.  The  height  from  the  bottom  border  to  the  first 
line  represents  the  percentage  of  total  area  extracted  inside  the  panels ; 
the  height  from  the  first  line  to  the  second  represents  the  percentage 
extracted  in  entries  outside  the  panels;  the  height  from  the  second 
line  to  the  third  represents  the  percentage  lost  in  entries  outside  the 
panels ;  the  height  from  the  third  line  to  the  fourth  represents  the  per- 
centage lost  in  pillars  outside  the  panels;  and  the  height  from  the 
fourth  line  to  the  top  of  the  figure  represents  the  percentage  lost  inside 
the  panels.  As  these  diagrams  are  based  only  upon  results  with  25-foot 
rooms  on  50-foot  centers,  no  changes  of  percentage  of  extraction  are 
involved  that  are  dependent  upon  change  of  room  width. 

These  diagrams  illustrate  the  final  disposal  of  the  coal  in  the 
area  considered ;  they  show  the  amounts  won  and  lost,  and  the  general 
distribution  of  extraction  and  losses.  The  coal  extracted  comes  from 
panels  and  from  entries  outside  the  panels,  the  larger  part  coming 
from  tke  panels.  As  the  number  of  rooms  per  entry  increases,  the 
amount  of  coal  taken  from  the  panels  increases,  but  in  the  example 
considered  it  remains  fairly  constant  after  the  number  of  rooms  per 
entry  reaches  about  twenty. 
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Number  of  fioomsper  Difn/ 

Fig.  7.    Distribution  of  Extraction  and  Loss  for  Booms  200  Fxkt  Long, 
25  Feet  Wide,  on  50-Foot  CENTEBS^^uuy  ^^^^^^^ 
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Number  of/foom^  per  Entry 

f*io.  S.    Distribution  or  ExTSiLOTiON  and  Loss  for  Booms  250  Fekf  Lomi 
25  Fkbt  Wide,  on  60-Foot  Centers -yu-^u uy  ^^OOQl 
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Number  of/^oomsper  £nfry 

Fig.  9.    Distribution  of  Extraction  and  Loss  for  Booms  300  Fkkt  Long, 
25  Feet  Wide,  on  50-Foot  Centers  /^^^^T^ 
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With  the  increase  of  number  of  rooms  per  entry  there  is  a  slight 
decrease  in  the  percentage  extracted  from  entries  outside  the  panels 
and  also  a  slight  decrease  in  the  coal  lost  in  entries  outside  the 
panels,  both  decreases  being  due  to  reduction  of  area  occupied  by 
entries.  It  is  shown  plainly  that  the  amount  of  coal  lost  and  won 
in  entries  is  not  large  in  any  case. 

One  thing  clearly  indicated  is  that  the  increased  extraction  which 
accompanies  increase  of  number  of  rooms  per  entry  is  due  largely 
to  a  decrease  in  loss  in  pillars  outside  the  panels ;  that  is,  to  decrease 
of  space  occupied  by  barrier  pillars.  It  is  also  shown  that  this 
decrease  is  much  less  rapid  after  rather  than  before  approximately 
16  rooms  per  entry  have  been  reached  and  that  beyond  20  rooms  per 
entry  there  is  very  little  change. 

The  fact  that  the  lines  become  nearly  horizontal  after  16  to  20 
rooms  per  entry  have  been  reached  shows  that  no  material  increase  of 
percentage  of  extraction  can  be  made  by  further  increasing  the  number 
of  rooms  per  entry.  Comparison  of  the  three  diagrams  shows  also  that 
very  slight  additional  extraction  can  be  accomplished  by  lengthening 
rooms.  It  follows,  therefore,  that  the  only  two  ways  of  increasing 
extraction  are  by  increase  of  ratio  of  room  width  to  pillar  width  and 
by  extraction  of  pillar  coal.  These  two  methods  may  be  said  to  reduce 
the  loss  in  room  pillars,  but  by  entirely  different  means.  It  has  been 
proved  by  experience  that  attempts  to  increase  room  width  at  the 
expense  of  pillar  width  are  dangerous,  and  it  is  believed  that  the 
greatest  ratio  of  room  width  used  in  the  preceding  discussion, — 
namely,  four  to  one,  considerably  exceeds  any  limit  which  would  or- 
dinarily be  safe  for  operation.  It  therefore  follows  that  increase  of 
extraction  can  be  attained  only  by  adopting  some  method  for  removing 
pillar  coal  after  the  rooms  have  been  driven. 

26.  Other  Methods  of  Computation. — It  is  recognized  that  the 
inclusion  of  the  main  entry  and  its  barrier  pillars  in  the  tract  con- 
sidered gives  percentages  of  extraction  that  must  be  changed  some- 
vrhat  if  applied  to  larger  areas,  because  the  ratio  of  barrier  pillar  to 
total  area  is  greater  than  would  be  the  case  in  a  larger  area.  This 
error  could  be  avoided  to  some  extent  by  choosing  the  part  of  the 
mine  to  be  examined  so  that  the  main  entry  would  not  be  included; 
thus  the  computed  extraction  would  be  a  little  too  high. 

Irregularities  due  to  the  limiting  of  the  area  considered  could  be 
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ayoided  by  a  method  of  compntation  suggested  by  C.  W.  Hippard. 
Instead  of  a  unit  area  of  160  acres,  the  area  served  by  a  pair  of  room 
entries  with  half  of  the  adjoining  cross  entry  and  barriers  and  half 
of  the  surrounding  fire  pillars  is  considered.  Such  an  area,  which 
may  be  called  a  unit  panel,  is  shown  enclosed  by  dotted  lines  in  Fig.  10. 


Pig.  10.    Unit  Panel 

A  single  panel  with  its  proper  share  of  cross  entry,  barriers,  and  fire 
piUars  is  considered  a  true  sample  of  the  mine.  The  area  of  the 
tract  considered  is  not  constant,  but  changes  with  length  of  rooms, 
width  of  rooms,  and  number  of  rooms  per  panel.  As  the  proportion 
of  the  main  entry  and  barriers  properly  chargeable  to  this  unit  area 
changes  with  the  size  of  the  tract  considered,  it  is  best  not  to  include 
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main  entry  and  barriers  in  the  calcnlation.    Calcnlated  percentages 
of  extraction  are  then  a  little  too  high. 

The  following  computation  by  this  method  illustrates  the  pro- 
cedm^.    The  dimensions  considered  are  those  given  on  page  18. 

Area  of  pand  exo^t  room  entry,  (p.  21),  287,500  square  feet 
Percentage  of  ejctraction  in  room-and-pillar  area,  (p.  21),  59.91  per  cent 
Area  excavated  in  panel  except  room  entry, 

0. 5991X287,500= 172,241  square  feet 

Area  occupied  by  rocnn  entry, 

44X675=29,700  square  feet 
Percentage  of  extraction  in  room  entry, 

(p.  21),  62.12  per  cent 
Area  excavated  in  room  entry, 

0.6212X29,700= 18,450  square  feet 

Area  occupied  by  cross  entry, 

HX49X564  =  13,818  square  feet 
Percentage  of  extraction  in  cross  entry, 

(p.  22),  57.48  per  cent 
Area  excavated  in  cross  entry, 

0.5748X13,818= 7,943  square  feet 

Total  area  excavated     ....    198,634  square  feet 
Area  of  tract  considered, 

564X712=401,568  square  feet 
Percentage  of  extraction 

198,634X100     -«  -- 
—^gj^ggg— =49.47  per  cent 

This  result  is  3.14  per  cent  greater  than  the  extraction  calculated 
by  the  method-described  on  pages  18  to  24,  the  difference  being  due  to 
the  exclusion  of  the  main  entry  and  its  barriers  in  the  unit  panel 
method.  Calculations  by  the  latter  method  with  other  numbers  of 
rooms  per  entry  give  the  following  results : 

Exiraciion 

16  rooms  per  entry 50.98  per  cent 

20  rooms  per  entry 51.96  per  cent 

24  rooms  per  entry 52.64  per  cent 

28  rooms  per  entry 53 .  14  per  cent 

The  percentages  thus  obtained  agree  closely  with  those  previously 
calculated. 
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APPENDIX  I 

Cost  of  Production  and  the  Percentage  op  Extraction 
IN  Pulton  County 

Work  of  J.  C.  Quade 

An  investigation  of  the  percentage  of  extraction  in  the  Fulton 
County  field  has  been  made  by  J.  C.  Quade,  Chief  Engineer  of  the 
Big  Creek  Coal  Company  and  of  the  Saline  County  Coal  Company. 
The  results  of  this  investigation  are  in  part  reproduced  in  the  follow- 
ing pages  through  the  courtesy  of  Mr.  Quade  who  has  reviewed  the 
summary. 

These  computations  were  made  chiefly  to  find  means  of  reducing 
the  cost  of  production,  the  computation  of  extraction  being  incidental 
but  necessary  to  the  computation  of  cost.  The  results  show  that  the 
highest  percentage  of  extraction  accompanied  the  lowest  cost  of  pro- 
duction per  thousand  tons. 

In  making  computations  of  cost  no  attention  was  paid  to  the 
total  cost  of  production,  but  only  to  the  items  which  would  be  directly 
modified  by  changes  of  dimensions  of  workings.  The  values  of  these 
were  determined  in  part  by  the  prices  fixed  in  the  agreement  with  the 
United  Mine  Workers  and  in  part  by  practice  in  the  Pulton  County 
field. 

The  items  considered  in  the  computation  are: 

Yardage  paid  for  narrow  work. 

Boom  turning. 

Switch  laying. 

Wood  track. 

Props. 
These  items  are  intended  to  cover  labor  and  materials  not  directly 
employed  in  the  extraction  of  coal.  The  materials  considered  are 
those  from  which  little  if  any  salvage  is  expected.  Such  large  items 
of  expense  as  mining,  haulage,  ventilation,  drainage,  interest  on  capital 
and  amortization  are  omitted  because  they  are  little  affected  by  the 
changes  contemplated.  The  expense  of  maintaining  the  various  items 
considered  is  small  in  comparison  with  the  total  cost  of  productioiii 
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but  the  calculation  includes  those  items  which  are  most  immediately 
and  completely  affected  by  changes  in  the  dimensions  of  workings. 

The  method  of  computation  was  determined  by  the  fact  that  the 
company  had  an  area  of  160  acres  in  Fulton  County  which  was  soon 
to  be  developed.  The  tract  was  in  the  form  of  a  square  with  public 
roads  on  two  sides,  coal  owned  by  the  company  on  the  third  side, 
and  coal  not  owned  by  the  company  on  the  fourth  side.  It  was  there- 
fore necessary  to  leave  pillars  along  three  borders  but  not  along  the 
fourth.  This  tract  was  laid  out  with  two  main  entries,  and  with  six 
cross  entries  where  210-foot  rooms  are  considered  and  seven  cross  en- 
tries where  180-foot  rooms  are  considered  as  shown  in  Fig.  11.  The 
form  of  the  field  and  the  necessity  of  leaving  boundary  pillars  in- 


Fig.  11.    Map  or  160  Acres  for  J.  C.  Quaoe's  Ck>MPxrrATioN 
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fluenced  both  the  lengths  of  entries  and  the  number  of  rooms.  The 
coal  lying  east  and  west  of  this  tract  was  developed  later;  hence  two 
pairs  of  room  entries  were  extended  through  the  boundary  pillars  on 
each  side  to  become  the  cross  entries  of  the  newer  developments. 

Only  two  lengths  of  rooms  were  considered:  180  feet  because 
that  length  was  then  being  used  by  the  company,  and  210 -feet  because 
experience  had  shown  this  to  be  the  maximum  length  for  a  room  which 
could  commonly  be  kept  open  for  the  time  required  to  complete  ex- 
traction without  considerable  expense  for  retimbering. 

An  analysis  of  the  fixed  costs  in  the  district  in  which  the  mine 
is  located  showed  that  the  yardage  paid  for  narrow  work  in  room 
cross-cuts  was  responsible  for  a  considerable  share  of  these  costs.  This 
yardage  could  be  eliminated  by  driving  room  cross-cuts  wider  than 
the  limit  for  which  yardage  is  paid,  or  could  be  reduced  by  decreasing 
the  length  of  the  room  cross-cuts  by  making  .pillars  narrower.  The 
calculations  involve  both  methods. 

The  following  items  of  cost  are  based  upon  conditions  in  the 
Fulton  County  field  at  the  time  when  the  calculations  were  made. 

Mining  rates    fixed    by  agreement  between   the  United    Mine 

Workers  and  Operators. 

Per  Yard 

Pick  rate,   8-foot  entries $1.82 

12-foot  entries  It24 

16-foot  entries 0.00 

Room  turning 4.55 

Machine  rate,    8-foot  entries 1.46 

12-foot  entries 1.00 

16-foot  entries 0.00 

Room  turning 3.64 

Items  fixed  by  the  experience  of  the  company  in  the  Fulton 
County  Field. 

Switch  laying  and  ties $4.00  per  room 

Props 0.005  per  square  foot 

Each  prop  costing  $0.06  and  supporting  an 
average  of  12  square  feet  of  roof. 
Wood  rails,  1.3  times  the  length  of  the  room  at  $22.00  per  1000  board 

feet 6.25  for  ISO^oot  room 

7.45  for  210-foot  room 

Track  laying  and  ties 0.10  per  foot 

Brushing  and  timbering  entries,  approximately  $3.00 

per  foot  for  25  per  cent  of  the  length  of  theentry  .  0.75  per  foot 
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Some  of  the  figures  given  would  not  be  applicable  at  present, 
but  the  method  used  can  be  applied  by  changing  the  expense  of 
various  items  to  correspond  with  changes  in  conditions. 

In  computing  the  production  to  be  expected  from  different  dimen- 
sions of  workings,  it  is  assumed  that  25  cubic  feet  of  coal  in  place 
are^  equivalent  to  one  ton,  and  that  5.70  square  feet  of  area  are 
equivalent  to  a  production  of  one  ton  if  proper  allowances  are  made 
for  the  thickness  of  the  coal,  which  averages  4  feet,  10  inches,  and 
for  the  waste  which  always  accompanies  mining.  It  is  assumed  that 
rooms  from  adjoining  cross  entries  are  driven  through  until  they 
meet  and  that  five  cross-cuts  are  driven  in  the  length  of  the  two 
180-foot  rooms  and  six  in  the  length  of  the  two  210-foot  rooms.  This 
arrangement  accounts  for  the  average  number  of  cross-cuts  being 
2yi  for  a  180-foot  room. 

The  following  tables  give  the  essential  data  on  which  the  cal- 
culations are  based.  Table  8  gives  the  number  of  rooms  in  160  acres, 
for  each  room  width  and  for  each  pillar  width,  for  rooms  180  feet 
long  and  210  feet  long.    The  total  number  of  rooms  varies  less  regu- 

Table  8 
Number  of  Rooms  in  160  Acres 


Room 
Width 

Room 
Centers 

Pillar  Width 

(Feet) 

7 

8 

9 

10 

11 

12 

10 

20 

20 

180 

Ceoters 

210 

1880 

26 

U40 

1298 

27 

1104 

1282 

28 

1006 

1204 

29 
1082 

U62 
30 
996 

1120 
31 
980 

U06 
32 
948 

369 

84iq| 

40  1 
706 

21 

180 

Centers 

210 

1298 

27 
U04 

1282 

28 

1006 

1204 

29 

1082 

1162 
30 
996 

1120 

1106 
32 
948 

1000 
33 
980 

37  1 
816* 

840 
41 
720 

22 

180 

Centers 

210 

1SS2 

28 

1006 

1204 

20 
1082 

U62 
30 
996 

1120 
31 
960 

U06 
32 
948 

1000 
33 
900 

1086 
34 
888 

988 

38 
804 

840 
790 

23 

180 

Centers 

210 

1204 

29 

1083 

U62 
30 
996 

1120 
31 
960 

U06 
32 
948 

1000 
33 
900 

1086 
34 
888 

994 
35 
808 

896 
39 
768 

886 
43 
706 

24 

180 

Centers 

210 

U62 
30 
M6 

1120 
31 
960 

1106 
32 
948 

1000 
33 
900 

1086 
34 
888 

994 
35 
802 

980 
36 
840 

882 

40 
706 

784 
44 
672 

25 

180 

Centers 

210 

iiao 

31 
960 

U06 
32 
948 

1060 

•33 
900 

1086 
34 
888 

994 
35 
808 

980 
36 
840 

902 
37 
816 

840 
141 
720 

784 
45 
678 

26 

180 

Centers 

210 

1106 
32 
948 

1000 
33 
900 

1086 
34 
888 

994 
35 
862 

980 

36 
840 

902 
87 
816 

988 

38 
804 

840 
42 
720 

770 
6 
6 
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larly  than  the  dimensions,  because  no  fractional  rooms  were  considered, 
bnt.  only  such  arrangements  of  whole  rooms  as  would  most  nearly 
completely  cover  the  160-acre  tract. 

Table  9 
Area  of  Rooms^  and  Tons  of  Coal  per  Room^ 


Width  of 

Length  180  Feet 

Length  210  Feet 

Rooms 
(Feet) 

Area 
(Square  Feet) 

Tons 

Area 
(Square  Feet) 

Tons 

20 

3382 

693.33 

3982 

698.60 

21 

3646.6 

622.16 

4176.5 

732.32 

22 

3711 

661.06 

4371 

766.84 

23 

3875.6 

679.91 

4565.6 

800.96 

24 

4040 

708.77 

4760 

836.06 

26 

4204.6 

737.63 

4964.6 

869.20 

26 

4369 

766.60 

6149 

903.33 

1  Not  including  cross-cuts. 

36.70  square  feet  of  4-foot,  10-inch  coal  per  ton,  allowing  for  waste. 

Table  10 
Area  op  Room  Cross-Cuts  (per  Cross-Cut),  Tons  of  Coal  Produced   and 

Yardage  Cost^ 


8-ft.  CroB8-Cut 

12-ft.  Croee-Cut 

16-ft.  Cross-Cut 

Width 

of 
Pillar 
(Feet) 

Area 
(Square 
Feet) 

Tonaof 
Coal 

at 
6.70 

Square 
Feet 

1W 

Yardage 

Cost  at 

601    cents 

per  Foot 

Area 

(Square 

Feet) 

Tons  of 
Coal 

at 
6.70 

Square 
Feet 

Ton 

Yardage 

Cost  at 

41  i    cents 

per  Foot 

Area 

(Square 

Feet) 

Tons  of 
Coal 

at 
5.70 

^^ 

Ton 

Yardage 
Cost 
0.00 

5 

48 

8.41 

$3.64 

72 

12.62 

$2.48 

96 

16.84 

7 

66 

9.83 

4.26 

84 

14.74 

2.89 

112 

19.66 

8 

64 

11.23 

4.85 

96 

16.84 

3.31 

128 

22.46 

g 

72 

12.63 

6.46 

108 

18.94 

3.72 

144 

26.26 

10 

80 

14.03 

6.07 

120 

21.06 

4.14 

160 

28.07 

11 

88 

15.44 

6.67 

132 

23.16 

4.66 

176 

30.88 

12 

96 

16.84 

7.28 

144 

25.66 

4.96 

192 

33.68 

16 

128 

22.46 

9.71 

192 

33.69 

6.61 

256 

44.91 

20 

160 

28.07 

12.13 

240 

42.10 

8.27 

320 

66.14 

1  Yardage  for  narrow  work,  pick  rate: 

8  feet  wide  $1.82  a60H  cents  per  foot. 
12  feet  wide  1.24  -41H  oents  per  foot. 
16  feet  wide   0.00  ^00      cents  per  foot. 
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Table  9  gives  the  areas  of  rooms,  not  including  cross-cuts,  and 
the  tons  of  coal  per  room  calculated  on  the  basis  of  5.70  square  feet 
per  ton. 

Table  10  gives  for  each  cross-cut  the  area,  the  tons  of  coal  pro 
duced,  and  the  yardage  cost.  The  number  of  tons  produced  is 
calculated  from  the  area  on  the  basis  of  5.70  square  feet  per  ton. 
The  yardage  cost  is  calculated  from  the  prices  fixed  in  the  agree- 
ment with  the  United  Mine  Workers.  Only  the  rate  for  pick  mining 
was  considered  as  machines  were  not  used  much  in  the  district  when 
the  data  were  compiled.  The  ratio  between  yardage  cost  for  8-foot  and 
12-foot  cross-cuts  is  the  same  for  pick  work  as  for  machine  work ;  there- 
fore if  the  rates  for  machine  work  were  substituted  in  place  of  those 
for  pick  work  in  the  calculations,  the  results  would  show  a  decrease  in 
the  total  expense,  but  the  percentage  of  the  total  expense  for  narrow 
work  saved  by  the  reduction  in  the  amount  of  this  work  would  remain 
the  same.  Three  widths  of  cross-cuts  were  considered :  8  feet,  which 
is  assumed  to  be  the  minimum  practical  width  (this  is  the  minimum 
width  for  which  a  yardage  price  is  fixed  in  the  agreement  with  the 
United  Mine  Workers) ;  12  feet,  which  is  considered  an  average;  and 
16  feet,  which,  according  to  the  agreement,  is  wide  work  and  does  not 
require  extra  compensation. 

Table  11 
Total  Cro8»-Cut  Yardage  Cost  Per  Room 


Width  of 

S-ft.  CroM-Chito 

12-ft.  Cro0»-Cuto 

Pilkr 
(Feet) 

180-f  t.  Room 
2yi  Cro0i-Cuts 

210-ft,  Room 
3CroeB-Cuta 

180-ft.  Room 
2H  CroBs-Cuta 

210-ft.  Room 
3Croa8-Cuta 

6 

$9.10 

10.92 

6.20 

7.44 

7 

10.63 

12.75 

7.23 

8.67 

8 

12.13 

14.55 

8.28 

9.93 

9 

13.66 

16.38 

9.30 

11.16 

10 

15.18 

18.21 

10.35 

12.42 

11 

16.68 

20.01 

11.38 

13.65 

12 

18.20 

21.84 

12.40 

14.88 

16 

24.28 

29.12 

16.53 

19.84 

ao 

30.33 

36.39 

20.67 

24.80 

Table  11  gives  the  total  cross-cut  yardage  cost  per  room,  obtained 
by  multiplying  the  cost  per  cross-cut  as  given  in  Table  3  by  the  proper 
number  of  cross-cuts. 
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Table  12 
Tons  of  Coal  in  Cross-Cuts  per  Room 


Width  of 
PiUar 

180-ft.  Room 
2>i  Cro0i-Cut« 

210-ft.  Room 
3Croa»-Ciita 

(Feet) 

8-ft.  Cron-Cut 

16-ft.  Cron-Cut 

8-ft.  Cron-Cut 

16-ft.  CroM-Cut 

6 

21.02 

42.04 

26.23 

60.46 

7 

24.58 

49.16 

29.49 

68.98 

8 

28.07 

56.14 

33.69 

67.38 

9 

81.67 

63.14 

37.89 

76.78 

10 

35.08 

70.16 

42.09 

84.18 

11 

38.60 

77.20 

46.32 

92.64 

12 

42.09 

84.18 

50.62 

101.04 

16 

56.16 

112.30 

67.38 

134.76 

20 

70.17 

140.34 

84.21 

168.42 

Table  13 
Cost  of  Props  for  Room  and  Cross-Cuts  at  One-Half  Cent  per  Square 

Foot,  180-Foot  Rooms 


Prop 

Cort 

for 

Room 

Width  of  PiU*r 

Width 

Room 
(Fe«t) 

6 

7 

8 

9 

10 

11 

12 

16 

20 

Prop  Cost  for  Croas-Cuts  per  Room 

$0.90 

$1.05 

$1.20 

$1.36 

$1.50 

$1.66 

$1.80 

$2.40 

$3.00 

Prop  Cost  for  Room  and  Cross-Cuts 

20 

$16.91 

$17.81 

$17.96 

$18.11 

$18.26 

$18.41 

$18.56 

$18.71 

$19.31 

$19.91 

21 

17.73 

18.63 

18.78 

18.93 

19.08 

19.23 

19.38 

19.63 

20.13 

20.73 

22 

18.66 

19.46 

19.61 

19.76 

19.91 

20.06 

20.21 

20.36 

20.06 

21.66 

23 

19.38 

20.28 

20.43 

20.58 

20.73 

20.88 

21.03 

21.18 

21.78 

22.88 

24 

20.20 

21.10 

21.26 

21.40 

21.55 

21.70 

21.85 

22.00 

22.60 

23.20 

25 

21.02 

21.92 

22.07 

22.22 

22.37 

22.52 

22.67 

22.82 

23.42 

24.02 

26 

21.85 

22.75 

22.90 

23.05 

23.20 

23.35 

23.60 

23.66 

24.26 

25.86 

Table  12  gives  the  amount  of  cross-cut  coal  in  tons  per  room, 
obtained  by  dividing  the  areas  of  cross-cuts  by  5.70,  the  number  of 
square  feet  of  area  equivalent  to  a  production  of  one  ton,  and  multiply- 
ing by  the  proper  number  of  cross-cuts  per  room. 
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Table  14 

Cost  or  Pbops  won  Room  and  Cboss-Cxttb  at  One-Half  Cent  per  Square 
Foot,  210-Foot  Rooms 


SS5 

lor 
Room 

Width  of  Pillar 

Width 
of 

6 

7 

8 

0 

10 

11 

12 

16 

20 

Prop  Co0t  for  CroM-Cota  per  Room 

$1.08 

$1.26 

$1.44 

$1.62 

$1.80 

$1.08 

$2.16 

$2.88 

$3.60 

Prop  Coit  for  Room  and  CrosB-Cuta 

ao 

$19.01 

820.90 

$21.17 

$21.35 

121.53 

$21.71 

$21.80 

$22.07 

S22.79 

$23.51 

21 

20.88 

21.06 

22.14 

22.32 

22.50 

22.68 

22.86 

23.04 

23.76 

24.48 

22 

21.86 

22.04 

23.12 

23.30 

23.48 

23.66 

23.84 

24.02 

24.74 

25.46 

23 

22.83 

23.01 

24.00 

24.27 

24.45 

24.63 

24.81 

24.09 

25.71 

26.43 

24 

23.80 

24.88 

25.06 

25.24 

25.42 

25.60 

25.78 

25.96 

26.68 

27.40 

26 

24.77 

25.85 

26.03 

26.21 

26.30 

26.57 

26.76 

26.93 

27.65 

28.37 

20 

25.75  J 

26.83 

27.01 

27.10 

27.37 

27.55 

27.73 

27.91 

28.63 

29.36 

Tables  13  and  14  give  the  cost  oi  props  for  a  room  and  its  cross- 
cats  for  each  width  of  room  from  2Q  to  26  feet  and  for  each  width  of 
pillar  from  6  feet  to  20  feet.  The  cost  in  cents  is  obtained  by  divid- 
ing the  cost  i>er  prop,  taken  as  six  cents,  by  the  area  supported  by 
one  prop,  12  square  feet,  these  being  figures  based  upon  the  experi- 
ence of  the  company. 

Qqomf^JZSZpporM  -^»|.centper8quarefoot,opforlroom 


Number  of  square  feet  in  room 
2 


-  cost  ia  cents 


In  each  table  the  cost  of  props  per  room  is  given  at  the  left,  the  cost 
of  props  for  cross-cuts  is  given  at  the  top,  and  the  cost  of  props  for 
the  rooms  and  cross-cuts  together  is  given  in  the  body  of  the  table. 

These  tables  of  prop  costs  are  computed  on  the  assumption  that 
all  cross-cuts  are  12  feet  wide.  In  the  comparison  of  total  costs,  this  as- 
sumption introduces  a  small  error  because  this  comparison  is  be- 
tween 8-foot  and  16-foot  cross-cuts.  To  obtain  correct  values  it  would 
be  necessary  to  make  allowance  for  the  error  thus  introduced  by 
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decreasing  the  prop  cost  with  8-foot  cross-cuts  and  increasing  it  with 
16-foot  cross-cuts.  The  difference  between  these  two  costs  would  ac- 
cordingly be  decreased,  this  difference  being  the  saving  effected  by 
the  use  of  16-foot  cross-cuts.  In  rooms  of  180  feet  long  with  6-foot 
pillars,  the  error  introduced  by  the  use  of  this  average  figure  amounts 
to  94  cents  per  thousand  tons.  In  rooms  210  feet  long  with  20-foot 
pillars,  the  error  is  $2.09  per  thousand  tons.  These  errors  are  the 
extremes,  and  the  errors  when  other  dimensions  of  rooms  and  pillars 
are  used  lie  between  these  two.  Since  the  pillar  width  selected  as  the 
best  was  small, — ^viz.,  8  feet,  the  effect  of  the  assumption  of  12-foot 
cross-cuts  was  small. 

The  specimen  computations  given  show  the  methods  employed. 
All  essential  data  are  contained  in  the  preceding  tables  and  the  cal- 
culations involve  only  the  arrangement  of  these  data  in  such  form 
as  clearly  to  represent  the  facts  and  permit  comparisons  between  per- 
.centages  of  extraction  and  costs  of  production  for  different  dimen- 
sions of  rooms. 

SPECIMEN  COMPUTATIONS 

Coal  Produced 

Rooms  and  Cross-Cuts 

Room  width 20  feet 

Room  length 210  feet 

Pillar  width 6  feet 

Total  nimiber  of  rooms  in  160  acres 1140 

Room  coal 698.60  tons 

Coal  from  8-foot  cross-cuts 25.23  tons 

Total  coal  from  room  and  8-foot  cross-cuts      .     .     .        723.83  tons 
Coal  from  additional  8-feet  of  cross-cuts 25.23  tons 

Total  coal  per  room  and  16-foot  cross-cuts      .     .     .        749.06  tons 

Coal  from  160  Acres 

Tans 

Total  room  coal =698.60  XI 140= 796,404 

Total  coal  from  8-foot  cross-cuts =25.23  XI 140= 28,762 

Coal  from  main  entry  and  cross-cuts 16,716 

Coal  from  cross  entries  and  cross-cuts 47,836 

Total 889,718 

Additional  coal  from  16-foot  cross-cuts 28,762 

Grand  total 918,480 
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Cost  and  Saving 
Fixed  Room  Charges  per  Room 

Room  turning $  4.55 

Switch-laying  and  ties 4.00 

Wood  rails 7.45 

$16.00 
Props  per  room  and  8-foot  cross-cut 21.00 

$37.00 
Room  cross-cut  yardage 10.92 

Total  for  room  and  cross-cuts $47.92 

Total  Fixed  Room  Charges  per  160  Acres 

Room  turning;  switch  laying  and  ties;  wood  rails,  props =$37.00  XI 140 =$42, 180.00 
Room  cross-cut  yardage  10.92  X 1 140  =  12,448.80 

Total  fixed  room  charges $54,628.80 

Saving  by  making  cross-cuts  16  feet  wide 

•     .     .  $12,448.80=22.79  per  cent  fixed  room  charges  with  8-foot  cross-cuts 

Total  Cost  for  Items  Considered 

Total  fixed  room  charges $  54,628.80 

Main  entry  and  cross-cuts, 

11,910  feet  narrow  work  at  $0.61  per  foot 7,265.10 

Cross  entries  and  cross-cuts, 

34,080  feet  narrow  work  at  $0.61  per  foot 20,788.80 

Track  Uying 4,176.00 

Brushing  and  timbering 31,320.00 

Total  cost  for  160  acres $118,178.70 

Total  cost  for  160  acres  with  16-foot  room  cross-cuts, 

118,178.70-12,448.80= $105,729.90 


Cost  per  1,000  tons  with  8-foot  room  cross-cuts  -^^7^^   =  132.83 

105  729  90 

Cost  per  1000  tons  with  16-foot  room  cross-cuts    ^  '  ^r-  =       .     .  115.11 

Saving  per  1000  tons  with  16-foot  room  cross-cuts* 17.72 

*Tbe  eott  per  1000   tons  mined  is  less  by  one  method  than  by  the  other,   but  the 

qoMitiiy  of  eoftl  considered  is  greater  in  the  case  of  16-foot  room  cross-cnts  by  the  28,762 
tons  gained  in  the  additional  8  feet  of  cross-cut  width. 


Digitized  by  VjOOQ  IC 


56 


IliLINOIS  EKGINEEBIXG  EXPERIMENT  STATION 


The  accompanying  sets  of  diagrams,  Figs.  12  and  13,  show  the 
most  important  points  in  connection  with  the  percentage  of  extrac- 
tion and  the  cost  of  production,  so  far  as  the  latter  is  determined 
by  the  limited  elements  considered,  for  all  room  widths  from  20  to 
26  feet  and  for  pillar  widths  of  6,  9,  12,  16,  and  20  feet  with  210-foot 
rooms  and  for  6-foot  pillar  widths  with  180-foot  rooms. 

Three  diagrams  in  each  set  are  concerned  with  quantity  of  pro- 
duction. Diagram  A  gives  the  number  of  rooms  in  160  acres ;  diagram 
B,  the  amount  of  coal  produced  per  room  and  cross-cut ;  and  diagram 
C  the  total  amount  of  coal  produced.  This  total  production  includes, 
not  only  coal  taken  from  rooms  and  their  cross-cuts,  but  also  coal  taken 
from  entries  and  entry  cross-cuts. 
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Fig.  12.    Number  of  Booms  per  Entry,  Goal  per  Boom,  Total  Goal  from 

160  Acres,  Percentage  or  Area  Excavated,  Cost  per  1000  Tons, 

Saving  per  1000  Tons 
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Diagram  Z>  shows  the  percentage  of  extraction,  based  on  the  area 
excavated  instead  of  on  the  number  of  tons  produced  as  calculated 
by  Mr.  Quade,  in  order  that  this  portion  of  the  discussion  may  be 
brought  into  direct  comparison  with  the  preceding  part  of  the  bul- 
letin. The  values  for  the  i>ercentage  of  extraction  on  the  area  basis 
are  slightly  higher  than  they  would  be  if  computed  frooi  tonnage 
produced  because  of  the  waste  in  mining  and  the  presence  of  slips 
and  horse  backs.  If  these  losses  did  not  exist,  the  values  of  the  per- 
centage of  extraction  obtained  by  the  two  methods  would  be  the  same, 
because  th^  entire  thickness  of  the  coal  bed  is  extracted.  A  compari- 
son of  these  two  methods  in  rooms  20  by  210  feet  with  12-foot  pillars 
and  16-foot  cross-cuts  gave  an  extraction  on  the  basis  of  tons  pro- 
duced of  61.05  per  cent  and  on  the  basis  of  area  excavated  of  67.28 
per  cent. 

The  diagram  for  total  output  is  irregular,  because  its  shape  is 
determined  by  that  for  the  number  of  rooms.  This  number  does  not 
change  uniformly  with  change  of  width  of  rooms,  but,  for  each  set 
of  dimensions,  the  number  of  rooms  was  selected  which  was  most 
suitable  for  working  out  the  160-acre  tract  to  be  developed.  The 
total  output  is  the  sum  of  the  tonnage  of  coal  produced  in  rooms  and 
cross-cuts,  and  in  entries.  Since  the  output  from  entries  varies  only 
with  the  number  of  cross  entries  which  in  turn  is  affected  by  a 
change  in  the  length  of  rooms,  the  total  output  varies  only  with  the 
number  of  rooms  or  with  the  output  from  a  room  and  its  cross-cuts. 
The  latter  quantity  varies  regularly  with  the  change  of  room  width, 
and  therefore  irregularities  in  the  total  output  are  entirely  due  to 
irregularities  in  the  number  of  rooms.  The  curve  for  total  output 
is  drawn  to  a  scale  which  makes  its  irregularities  more  prominent 
than  those  in  the  curve  for  the  number  of  rooms. 

Diagram  E  shows  the  cost  per  thousand  tons  for  the  limited 
number  of  items  considered.  The  line  drops  as  that  showing  total 
output  rises,  thus  showing  that  the  cost  of  production  decreases  as 
the  output  from  a  given  area  increases. 

Diagram  F  shows  the  saving  per  thousand  tons  accomplished  by 
increasing  the  width  of  room  cross-cuts  from  8  feet  to  16  feet,  and 
eliminating  room  cross-cut  yardage.  Mr.  Quade's  computations  were 
made  with  the  object  of  determining  this  saving,  and  the  adoption  of 
the  dimensions  indicated  by  these  calculations  as  being  most  economi- 
cal has  resulted  in  very  large  reduction  in  the  cost  of  producing  coal. 
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The  dimensions  selected  were :  room  width  24  feet,  pillar  width  8  feet, 
cross-cut  width  16  feet.  The  diagrams  show  that  the  cost  would  be 
lower  and  the  extraction  higher  if  narrower  pillars  could  be  used,  but 
it  was  not  practical  to  make  them  less  than  about  8  feet  in  width. 
This  width  is,  however,  necessary  only  near  the  entries ;  the  pillars  arc 
made  gradually  narrower  towards  the  ends  of  the  rooms,  the  percent- 
age of  extraction  being  thus  increased.  The  extraction  in  these  mines 
since  the  adoption  of  the  new  dimensions  is  between  70  and  75  per 
cent. 

For  purposes  of  comparison  one  set  of  diagrams  is  given  which 
shows,  for  180-foot  rooms,  the  same  items  of  production  and  cost  as 
are  given  for  210-foot  rooms.  At  the  time  when  the  computations 
were  made  rooms  were  being  driven  180  feet  long.  The  total  output 
for  the  two  lengths  of  rooms  differs  only  slightly,  but  the  cost  of 
production  is  lower  with  the  210-foot  room;  hence  that  length  was 
adopted  as  a  standard. 

The  diagrams  in  Fig.  14  show  the  production  of  coal  from  dif- 
ferent parts  of  the  workings  and  emphasize  the  increase  of  produc- 
tion with  increase  of  room  width.  Diagram  A  shows  the  production 
from  rooms  and  8-foot  cross-cuts.  Diagram  B  shows  the  sum  of  the 
tonnage  of  room  and  cross-cut  coal  and  entry  coal,  the  space  between 
A  and  B  representing  the  entry  coal.  The  space  between  B  and  C 
shows  the  additional  coal  taken  from  16-foot  cross-cuts;  therefore  C 
shows  the  total  coal  produced  from  160  acres  with  the  longer  dimen- 
sion. 

Fig.  15  is  a  graphical  summary  of  costs  and  output  for  rooms  24 
feet  wide  and  210  feet  long.  Diagrams  A,  B,  C,  and  D  show  the  effect 
of  increase  of  pillar  width  on  the  tonnage  produced.  On  these  dia- 
grams, A  shows  the  number  of  rooms  in  160  acres ;  B  shows  the  output 
from  rooms  and  8-foot  cross-cuts;  C  shows  the  additional  output 
from  entries ;  and  D  shows  the  additional  output  from  the  extra  width 
of  room  cross-cuts.  The  diagram  shows  the  decrease  of  output  result- 
ing from  the  decrease  in  the  number  of  rooms,  which  accompanies  in- 
crease of  pillar  width. 

The  items  of  cost  considered  in  the  investigation  are  shown  in 
zones,  of  which  the  first  is  yardage  cost  for  the  main  entry,  the  second 
yardage  cost  for  the.  cross  entries,  the  third  track-laying  cost  for 
entries,  the  fourth  brushing  and  timbering  costs  for  entries,  the  fifth 
fixed  room  charges,  and  the  sixth  yardage  cost  of  8-foot  room  cross-cuts. 
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Fio.  15.    Summary  of  Costs  and  Output  for  Rooms  24  Feet  Wide  and 
'-        '■"^ "      —'  210  Feet  Long 


The  first  four  items  change  only  when  change  in  the  length  of  rooms 
results  in  change  of  number  of  cross  entries  and  therefore  of  total 
length  of  entries.  The  fifth  item,  fixed  room  charges,  includes  room 
turning,  switch  la3dng  and  ties,  wood  rails,  and  room  props.  The 
first  three  subdivisions  change  only  with  the  number  of  rooms;  the 
last  increases  with  the  width  of  rooms  but  decreases  with  their  num- 
ber. The  sixth  item,  yardage  cost  of  8-foot  cross-cuts,  increases  with 
pillar  width  because  of  the  increased  length  of  the  cross-cuts.  It 
is  this  last  item  of  cost  which  is  eliminated  by  increase  of  cross-cut 
width  to  16  feet,  leaving  the  line  M  M'  as  the  indication  of  total  cost. 

Some  of  the  charts  prepared  by  Mr.  Quade  are  reproduced  with 
some  modification  in  Figs.  16,  17,  and  18  to  show  more  fully  his 
method  of  presenting  his  conclusions. 

Pig.  16  shows  the  effect  of  changes  in  cross-cut  width  on  yard- 
age cost  for  room  cross-cuts  and  the  amount  of  coal  produced  from 


Digitized  by  VjOOQ  IC 


62 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


them.  The  diagrams  are  based  on  7-foot  pillars  with  three  cross- 
cuts per  pillar.  The  arrangements  of  cross-cut  widths  in  each 
pillar  are:  three  8  feet  wide;  one  8  feet  and  two  12  feet;  three  12 
feet ;  one  8  feet,  one  12  feet,  and  one  16  feet ;  two  12  feet  and  one  16 
feet;  one  12  feet  and  two  16  feet,  and  three  16  feet.  In  the  final 
computation  of  possible  reductions  of  cost  the  only  widths  considered 
were  8  feet  and  16  feet. 

Fig.  17  gives  in  detail  the  cost  per  thousand  tons  as  modified 
by  certain  changes  in  length  and  width  of  rooms,  room  pillars,  en- 
tries, and  room  and  entry  cross-cuts. 

The  width  of  rooms  considered,  25.36  feet,  was  the  actual  average 
made  by  8  cuts  of  a  breast-type  chain  coal  cutting  machine.  This 
machine  is  commonly  called  a  3-foot  machine,  but  the  actual  cut 
slightly  exceeded  this  width.  The  costs  of  the  various  items  considered 
are  shown  by  the  widths  of  the  shaded  bands,  while  the  solid  line  A  B 
shows  the  saving  per  thousand  tons  accomplished  by  the  use  of  the 


Cras^  Cur  Dimensions  in  fe&r 


Fig.  16.    Effect  of  Changes  in  Cross-cut  Width  on  Cost  of  Cross-cuts  amb 

Coal  Produced 
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Fio.  17.    Certain  Fixed  Charges  per  1000  Tons,  Saving  per  1000  Tons,  Total 
Output  from  160  Acres 

different  changes  in  dimensions  specified.    The  solid  line  C  D  shows 
the  total  coal  produced  from  160  acres  with  the  same  dimensions. 

Fig.  18  is  a  summation  of  the  items  of  room  and  room  cross-cut 
costs  considered  and  of  total  extraction  and  cost  for  160  acres.  This 
figure  permits  comparisons  between  results  obtained  by  using  different 
dimensions  and  shows  the  point  of  lowest  cost  and  highest  extraction. 
As  in  Pig.  14,  room  widths  of  22.2  feet  and  25.36  feet  are  due  to  the 
width  of  cut  of  the  breast-type  of  coal  cutting  machines.  The  lower 
shaded  areas  show  the  cost  per  room  for  the  various  items  considered 
as  fixed  room  charges.  Room  turning  and  switch  costs  per  room  are 
not  affected  by  any  changes  of  dimensions.  Wood  rail  cost  increases 
with  the  length  of  rooms.  Prop  cost  increases  with  both  length  and 
width  of  rooms.    Cross-cut  yardage  cost  is  affected  by  room  length, 
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Width  20     22      222     2536     25.56     20      22Z      24      25.36  fr 
Center326     28       30       3Z       34       25       30       32       34    ft 

TiQ.  18.    Summation  of  Fixed  Charges  and  Output  for  160  Aorbs 
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whicli  determines  the  number  of  cross-cuts,  by  cross-cut  width  and 
pillar  width.  The  upper  shaded  areas  show  the  difference  in  total 
cost  per  thousand  tons,  including  entry  costs,  which  results  from  the 
use  of  8-foot  and  16-foot  room  cross-cuts.  The  solid  lines  A  B  and 
il'B'show  the  total  coal  produced  from  160  acres;  C  D  andC'D'show 
the  number  of  rooms  in  160  acres ;  EF  and  E'  F'  show  the  total  cost 
for  160  acres  when  8-foot  cross-cuts  are  used. 

The  lowest  total  cost  for  160  acres  is  shown  to  be  reached  with 
210-foot  rooms  25.36  feet  wide  on  34-foot  centers,  but  the  lowest  cost 
per  thousand  tons  and  the  highest  extraction  for  160  acres  are  shown 
to  be  reached  with  rooms  of  the  same  dimensions  on  32-foot  centers. 
Because  of  the  common  tendency  of  the  miner  to  make  his  room  some- 
what wider  than  is  planned,  the  latter  dimensions  might  be  approxi- 
mately reached  in  practice  if  rooms  were  planned  24  feet  wide  on  32- 
foot  centers.  These  dimensions,  shown  by  Mr.  Quade's  work  to  be  the 
best,  were  adopted  for  the  company's  mines  in  Fulton  County  with 
the  result  that  the  cost  of  producing  coal  was  materially  reduced.  The 
percentage  of  extraction  was  raised  from  about  58  per  cent  to  between 
70  and  75  per  cent  which  is  unusually  high  for.  Illinois. 
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APPENDIX  II 

Extraction  at  Dewmaine 
WoBK  OF  G.  E.  Ltman 

The  results  obtained  with  different  dimensions  of  rooms  in  the 
Williamson  County  mines  of  the  Madison  Coal  Corporation  are  shown 
in  the  following  sketch  and  notes  prepared  by  G.  E.  Lyman,  for- 
merly Chief  Engineer  and  now  General  Superintendent  of  that  ox^m- 
pany,  and  are  published  here  with  his  courteous  permission.  The 
sketch,  Fig.  19,  shows  the  plan  of  operation  followed  at  Dewmaine, 
north  of  Carterville.  The  only  changes  from  the  dimensions  shown  are 
in  the  width  of  room  pillars,  the  two  widths  being  20  feet  and  14 
feet.  The  plans  considered  and  compared,  with  each  pillar  width, 
involve  the  extraction  of  different  quantities  of  pillar  coal  after  the 
rooms  have  been  finished. 

The  area  considered  is  a  restricted  one,  consisting  only  of  a  cross 
entry  and  a  portion  of  the  rooms  turned  from  it.    The  tract  cod- 


Fig.  19.    Dimensions  of  Booms  and  Gross  Entbdbs  at  Dxwmaimi 
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sidered  is  640  feet  wide  by  1360  feet  long  and  has  an  area  of  870,000 
square  feet. 

The  following  notes  give  the  results  of  experience  with  differ- 
ent dimensions  of  rooms  and  the  extraction  of  different  amounts  of  , 
pillar  coal.    With  each  of  the  two  pillar  widths  different  amounts  of 
coal  were  extracted.    With  rooms  20  feet  wide  on  40-foot  centers, 
plan  No.  1,  shown  in  white,  gave  the  following  extractions : 

Square  feet 

Rooms 68X5725=389,300 

Croaa^ts 4X68X  400  =  108,800 

Entries 2X10X1360=  27,200 

Entry  cross-cuts 21X  200=     4,200 

Total  area  excavated (60.7  per  cent)      529,500 

The  experience  of  the  company  thus  far  indicates  that  workings 
with  these  dimensions  will  stand  indefinitely  except  where  soft  mud 
or  quicksand  predominates  in  the  cover. 

Plan  No.  2  involves  the  driving  of  additional  cross-cuts  in  the 
room  pillars  after  the  room  has  been  completed.  These  additional 
cross-cuts  are  shown  by  the  dotted  areas  in  the  figure.  The  additional 
area  extracted  is : 

3X68X400=81,600  square.feet 
Total  area  excavated (70.2  per  cent)    611,100 

Exx)erience  indicates  that  squeezing  will  occur  in  rooms,  but 
that  the  entry  stumps  will  protect  the  entry  so  that  it  will  not  be 
closed.  More  or  less  water  will  follow  the  squeeze.  The  surface  will 
subside  gently  to  a  depth  of  2  feet  to  4  feet  in  the  center  of  the  area. 

Plan  No.  3  involves  the  driving  of  additional  cross-cuts  in  the 
room  stumps  and  chain  pillar,  while  retreating,  as  shown  by  the 
batched  areas.    The  additional  area  excavated  is: 

Square  feei 

Room  cross-cuts 68  feet  X400  feet  =  27,200 

Entry  cross-cuts 20  feet X 400  feet*     8,000 

Total  area  excavated (72.4'per>ent)    646,300 

The  results,  as  far  as  subsidences  are  concerned,  are  practically 
the  same  as  those  obtained  by  following  plan  No.  2,  except  that  the 
entry  is  closed  by  the  squeeze  and  more  water  enters  the  mine.  The 
surface  subsidence  is  practically  the  same  as  in  plan  No.  2. 
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Plans  Nos.  4,  5,  and  6  apply  to  the  same  method  of  working,  but 
with  room  pillars  only  14  feet  wide  which  make  80  rooms  in  a  block 
640  feet  by  1360  feet. 

Plan  No.  4  involves  excavation  of  the  following  areas: 

Squaarefeei 

Rooms 80X6725=458,000 

Room  cross-cuts 80X4X280=  89,600 

Entries 2X10X1360=  27,200 

Entry  cross-cuts 21X200=     4,200 

Total Jarea  excavated (66.5  per  cent)  579,000 

When  this  plan  is  followed,  squeezing  occurs  in  a  room  a  few 
months  after  the  first  working  and  more  or  less  water  enters  the 
mine.    The  surface  subsidence  is  about  the  same  as  in  plan  No.  2. 

Plan  No.  5  involves  the  driving  of  additional  cross-cuts,  as  in 
plan  No.  2,  and  the  additional  area  excavated  is : 

Square  fed 
Cross-cuts 3X80X280=67,200 

Total  area  excavated (74.2  per  cent)    646,200 

The  results  are  practically  the  same  as  those  obtained  by  following 
plan  No.  2,  except  that  more  water  enters  the  mine  and  the  sub- 
sidence of  the  surface  is  deeper. 

When  additional  cross-cuts  are  driven  in  room  and  entry  re- 
treating, as  shown  by  the  hatched  areas,  in  plan  No.  6,  the  additional 
areas  excavated  are: 

Square  feet 

Room  cross-cuts 80  feet  X  280  feet =22,400 

Entry  cross-cuts 20  feet  X400  feet  =  8,000 

Total.area'excavated (77.7;per  cent)    676,600 

In  this  case  the  entire  area  squeezes,  and  a  large  quantity  of  water 
enters  the  mine.  The  surface  subsidence  extends  over  the  whole  area 
and  is  greater  than  with  any  of  the  other  plans. 

In  the  Dewmaine  fields  it  has  not  been  found  practical  to 
apply  any  plan  except  No.  1  until  a  considerable  portion  of  the 
mine  is  ready  for  abandonment.  Slight  changes  in  the  projection, 
however,  are  made  when  changes  in  physical  conditions  make  them 
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advisable.  Booms  are  driven  20  feet  wide,  but  pillars  are  sometimes 
reduced  to  18  feet  and  entries  are  made  either  10  or  12  feet  wide. 

la  this  field  a  great  deal  of  trouble  has  been  caused  by  the  entry 
of  water  whenever  the  extraction  of  too  much  coal  disturbed  the 
overlying  strata.  Since  plan  No.  1  alone  permits  the  indefinite  sus- 
taming  of  the  overlying  material,  it  is  the  only  one  which  can  be 
followed  without  entailing  a  great  expense  for  handling  water.  Ex- 
traction is  therefore  limited  to  about  60  per  cent  of  the  panels  or 
blocks,  and  must  be  considerably  less  when  considering  tiie  whole 
mine.  The  calculated  percentages  of  extraction  given  on  page  34  for 
rooms  and  pillars  of  the  same  ratio  of  width, —  namely,.  25-foot  rooms 
with  25-foot  pillars,  indicate  that  the  total  extraction  is  about  10 
per  cent  less  than  the  extraction  in  the  panel  area.  It  is  therefore 
probable  that  the  total  amount  of  coal  extracted  in  the  mine  as  a  whole 
is  about  50  per  cent.  At  various  times  plans  No.  2  and  No.  3  have 
been  tried  in  limited  areas,  but  trouble  has  always  been  caused  by 
squeezes  and  inflow  of  water. 

At  the  present  time  mining  at  No.  8  has  proceeded  far  enough  to 
permit  the  application  of  plan  No.  3  in  working  from  the  boundary 
toward  the  shaft.  The  additional  recovery  will  probably  make  the 
total  extraction  for  the  entire  mine  about  60  per  cent. 

Mr.  Lyman  points  out  that  both  the  depth  of  cover  and  the 
nature  of  the  ground  vary  considerably  within  short  distances  in  the 
district  referred  to  and  that  different  results  might  be  obtained 
within  a  short  distance  of  the  mine  mentioned. 
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APPENDIX  III 
Work  of  J.  C.  Gibson 

J.  C.  Gibson  of  the  Standard  Engineering  Company  of  Duquoin 
has  developed  a  method  for  ealculatiiig  the  percentage  of  extraction 
and  the  future  life  of  a  mine  by  which  it  is  possible  to  indicate  the 
parts  of  the  workings  in  which  the  losses  occur.  The  following 
description  of  procedure  is  published  through  the  courtesy  of  Mr. 
Gibson. 

When  this  method  is  applied,  a  tracing  of  the  workings  is  made 
showing  the  outlines  of  groups  of  rooms,  entries,  barrier  pillars,  and 
lost  areas.  In  the  tracing  these  separate  portions  are  given  distinc- 
tive colors  in  order  to  prevent  any  possible  confusion.  Each  area  is 
then  measured.  This  measurement  can  best  be  done  with  a  plani- 
meter,  but  very  close  approximation  to  the  correct  areas  can  be  at- 
tained by  measuring  with  a  scale,  especially  if  the  outlines  are  not 
very  irregular. 

The  application  of  this  method  to  a  part  of  a  mine  is  shown  in 
Fig.  20.  The  sums  of  the  areas  of  the  different  portions  in  the  entire 
mine  are  as  follows: 

Areas  worked  out  (Acres)  Percentage  of  Total  Area 

Rooms  and  pillars 157.16                                      59.76 

Entries 62.40                                       23.73 

Lost  coal 3.44                                         1.30 

Barriers 40.00                                        15.21 

Total  area  covered  by  workings, 
with  exception  of  the  shaft  pillar    263.00  100.00 

Tons 

Room  coal  produced 1,421,023 

Entry  coal  produced 378,744 

Total  coal  produced,  not  including  coal  taken  from  the  shaft 

pillar  in  driving  the  bottom 1,799,767 

The  tonnage  produced  from  entries  was  calculated  from  the 
length,  width  and  height  of  the  entries  and  the  weight  of  the  coal 
per  cubic  foot,  a  method  permissible  when  entries  are  driven  with 
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I  Losr  Coo/    ^v^  Rooms  &  F'iflors  | J  Entries     ^^^  Barrier  Pillars 

Pig.  20.    Portion  op  Mine  as  Mapped  by  J.  C.  Gibson 
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careful  adherence  to  the  projected  dimensions.  The  tonnage  pro- 
duced from  other  workings  is  the  difference  between  total  output  and 
entry  coal. 

The  average  thickness  of  coal  being  9.4  feet  and  the  weight  per 
cubic  foot  81.25  pounds,  the  amount  of  coal  originally  present  per 
acre  was 

43,560X9.4X81.25       .f^aoA.^^, 
2,000"  =16,634  tons 

The  area  worked  over  by  rooms  and  pillars  is  157.16  acres.  The 
coal  originally  present  in  the  room  and  pillar  area  was  157.16  X 
16,634—  2,614,199  tons;  and  the  percentage  of  extraction  in  the 
territory  occupied  by  rooms  and  pillars  was 

1.421,023X100^ 

2,614,199  ^^"^^  ^"^  ''^''^ 

The  entries  occupied  62.40  acres,  and  the  coal  originally  present 
was  62.40  X  16,634  =  1,037,961  tons.  The  percentage  of  extraction 
in  territory  occupied  by  entries  was 

378,744X100 
1,037,961         ^^^^  ^^  ^° 

The  coal  originally  present  in  the  whole  area  was  263  X  16,634 
=  4,374,742  tons  and  the  percentage  of  extraction  over  the  whole  rrea 
worked  out  was 

1,799,767X100       .,  , . 
-^^3^5^^;^-  -41.14  per  cent 

Since  the  thickness  of  the  bed  is  9.4  feet  and  the  height  of  en- 

94 

tries  only  7  feet,  the  percentage  of  area  excavated  in  entries  is  tj- 

of  the  percentage  of  coal  extracted. 
9.4 


9  4 

-y-  X  36.49  per  cent =49.00  per  cent 


The  data  given  do  not  provide  a  basis  for  the  calculation  of 
percentage  of  area  worked  out  in  the  room-and-pillar  blocks,  because 
some  of  the  top  coal  was  taken.    If  no  top  coal  had  been  taken,  the 
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percentage  of  area  worked  out  in  the  seven  feet  of  coal  being  mined 
wotdd  be  equal  to  the  percentage  of  coal  produced  from  that  seven 
feet.  The  amount  of  coal  originally  present  in  the  areas  occupied 
by  rooms  and  pillars  in  a  thickness  of  seven  feet  was 

«'-^X^^^25X»«-^-l«  =  1,946.799  tons 

As  the  coal  taken  out  from  these  areas  was  1,421,023  tons,  the 
percentage  of  area  excavated  would  have  been  73.0  per  cent  if  a  thick- 
ness of  only  seven  feet  had  been  worked. 

1,421,023X100      -,^ 

1,946,799       =73.0  per  cent 

If  all  the  top  coal  had  been  taken  down  to  a  height  of  9.4  feet, 
the  percentage  of  area  worked  out  would  be  the  same  as  the  per- 
centage of  coal  produced  when  the  thickness  of  9.4  feet  is  considered, 
— ^that  is,  54.36  per  cent.  Since  some  top  coal  was  left,  the  percentage 
of  area  worked  out  must  have  been  greater  than  54.36  per  cent  and 
less  than  72.2  per  cent  in  order  to  give  this  percentage  of  extraction ; 
however  there  are  no  data  from  which  accurately  to  calculate  the 
percentage. 

In  some  mines  where  the  only  ** solid"  coal  produced  is  top  coal, 
all  the  remainder  being  known  as  ** machine"  coal,  it  would  be  pos- 
sible to  get  from  the  books  of  the  coal  company  the  number  of  tons 
of  solid  coal  paid  for, — ^that  is,  the  top  coal.  Then  the  percentage 
of  area  worked  out  in  rooms  could  be  determined  from  the  tonnaore 
produced. 

It  is  claimed  by  Mr.  Gibson  that  given  the  data  on  a  number  of 
mines  in  the  preceding  form,  comparisons  may  be  made  and  possibly 
much  valuable  information  obtained.  For  example,  mines  in  which  a 
high  percentage  of  extraction  had  been  obtained  in  the  room-and- 
pillar  areas  would  indicate  the  practice  to  be  followed  in  planning  a 
new  operation,  provided,  of  course,  that  the  history  of  those  mines 
showed  their  practice  to  be  satisfactory;  mines  in  which  the  smallest 
percentage  of  coal  had  been  lost  in  barrier  pillars,  provided  the 
barriers  had  proved  sufficient,  would  indicate  the  dimensions  of  barriers 
for  use  in  new  operations;  and  mines  having  the  smallest  ratio  of  en- 
try area  to  room  area  would  suggest  efficient  methods  of  developing 
a  property. 
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Thus,  from  a  number  of  plans  of  actual  operations,  might  be  de- 
veloped a  composite  plan  more  eflScient  than  any  of  those  studied.  It 
is  evident  that  the  two  sets  of  percentages,  those  of  the  entire  coal  seam 
and  those  of  the  number  of  feet  of  the  seam  worked,  will  enable  com- 
parisons to  be  made  with  most  of  the  properties  studied. 
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CORONA  DISCHARGE 
CHAPTER  I 


Introduction 


1.  Statement  of  the  Phenomenon, — ^When  high  potential  differ- 
ences exist  between  conductors,  the  insulating  property  of  the  sur- 
rounding air  partially  breaks  down,  and  a  conduction  of  electricity 
through  the  air  takes  place,  usually  accompanied  by  a  glow  at  either 
one  of  the  conductors  or  in  the  intervening  space.  This  glow  is 
lulled  the  corona.  The  phenomenon  is  commonly  seen  when  static 
machines  or  Tesla  coils  are  operated  in  the  dark,  and  less  frequently 
from  the  tips  of  lightning  rods  during  an  electric  storm.  The  corona 
is  evident  at  night  as  it  surrounds  very  high  voltage  alternating 
current  transmission  lines.  The  conduction  represents  a  loss  of  power, 
which  on  long  lines  may  become  an  important  item.  Peek  (1),  White- 
head (2),  and  others  (3)  have  carefully  studied  this  phenomenon 
for  alternating  differences  of  potential.  In  1912,  Peek  (4),  by  a  stro- 
boscopic  method,  showed  that  there  is  a  difference  between  the  corona 
discharge  from  positive  and  negative  conductors.  This  difference 
shows  that  corona  caused  by  alternating  potentials  is  a  combination 
of  two  effects ;  and  in  order  to  study  these  effects  separately  and  thus 
to  learn  the  true  facts  concerning  the  phenomenon,  continuous  poten- 
tials must  be  used.  A  study  of  the  corona  caused  by  continuous 
potentials  may  produce  engineering  data  of  value  owing  to  the  in- 
creasing development  of  high  tension  direct-current  generation  and 
transmission.  Previous  to  1914,  Watson  (5)  and  Schaffers  (6) 
were  the  only  men  who  had  experimented  on  the  direct  current  corona. 

Because  of  the  desirability  of  a  greater  knowledge  of  the  direct 
current  corona,  the  Physics  and  Electrical  Engineering  Departments 
ot  the  University  of  Illinois  determined  to  carry  out  detailed  research 
to  develop  a  satisfactory  theory  for  the  corona  phenomena.  It  is  the 
purpose  of  this  bulletin  to  present  the  results  of  the  research  which 
has  been  completed  during  the  last  few  years. 

Sntp — ^Th^  niiinh»'r»  writhin  parenthetM  refer  to  the  biblioirraphy.  page  131. 
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2.  Acknowledgments. — ^The  writers  desire  it  to  be  clearly  under- 
stood that  the  research  presented  in  this  bulletin  is  a  compilation  of 
the  work  done  by  the  following,  Fabwell^  Cbookeb,  Davis,  Breese, 
Owens,  Andebbgg,  Faulkner,  and  Warner,  under  the  direction  of 
Jakob  Eunz.  TJie  work  of  these  men,  as  recorded  in  theses  or  in 
published  articles,  forms  the  basis  of  this  bulletin.  In  many  instances 
in  order  that  statements  might  be  accurate  the  words  of  the  authors 
have  been  copied  directly. 

3.  Apparatus, — The  continuous  voltage  used  in  these  investiga- 
tions was  obtained  by  means  of  a  battery  of  forty,  500-volt,  250-watt, 
continuous-current,  shunt-wound  generators  connected  in  series. 

These  machines  are  divided  into  two  sets  of  ten  machines  each, 
and  one  set  of  twenty  machines,  each  set  being  driven  by  a  belt-con- 
nected, continuous-current  shunt  motor.  The  generators  are  mounted 
on  insulating  bases  and  the  shafts  of  the  separate  machines  are  con- 
nected by  insulating  couplings.  One  terminal  of  each  machine  is 
permanently  connected  to  its  own  frame  in  order  definitely  to  limit 
the  electrical  strain  on  the  machine  insulation  to  the  voltage  gen- 
erated by  one  armature. 

The  field  of  each  generator  is  connected  directly  across  the  arma- 
ture terminals,  a  single  pole  knife  switch  being  included  in  the  circuit 
in  order  that  the  machine  may  either  be  made  to  generate  or  to  run 
idle  at  will.  These  switches  were  operated  by  means  of  a  hard  rubber 
rod  approximately  eighteen  inches  in  length,  since  they  may  be  twenty 
thousand  volts  above  earth  potential.  The  generators  were  run  some- 
what below  rated  speed  in  order  to  limit,  to  a  safe  value,  the  voltage 
generated  without  external  resistance  in  the  field  circuit.  The  voltage 
of  the  machine  supplying  current  to  the  driving  motors  was  main- 
tained at  a  constant  value  by  means  of  a  voltage  regulator.  The 
constant  speed  of  the  driving  motors  thus  produced  caused  the  re- 
sultant high  potential  of  the  battery  of  generators  to  be  practically 
constant.  A  fine  adjustment  of  voltage  was  obtained  by  means  of  a 
rheostat  in  the  field  circuit  of  one  of  the  generators.  Fig.  1  is, a 
general  view  of  the  generating  plant. 

Most  of  the  experimenters  working  in  this  field  have  dealt  with 
corona  in  air.  Air,  however,  changes  in  chemical  composition  im- 
mediately upon  the  formation  of  the  corona,  so  that  if  accurate 
data  are  desired  within  the  corona  discharge  region  some  arrangement 
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Fig-  1,       GzyEBAL  View  of  Geneva tim,   Plant 


Fio.  2.    A  Typical  Tube,  with  Slot 
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must  be  made  to  insure  uniformity  of  chemical  stmctnre  in  the 
dielectric  at  all  times.  Such  uniformity  is  often  accomplished  by 
replacing  the  gas  immediately  surrounding  the  conductors  as  fast 
as  its  comi>osition  changes.    This  renewal  is  often  impracticable. 

To  add  to  the  knowledge  of  the  corona  in  a  substance  which 
probably  does  not  change  chemically,  experiments  have  been  per- 
formed with  chemically  pure  hydrogen  as  the  dielectric.  The  hydro- 
gen used  in  this  part  of  the  work  was  produced  by  the  action  of 
hydrone,  a  commercial  alloy  of  lead  and  sodium,  upon  water.  The 
reaction  of  the  sodium  with  the  water  produces  hydrogen,  the  lead 
acting  as  a  retarding  agent  only.  The  hydrogen  was  collected  over 
water  and  purified  as  used. 

The  purifying  process  consisted  in  forcing  the  hydrogen  through 
concentrated  sulphuric  acid  drying  bottles  placed  in  series  with  a 
calcium  chloride  tube,  and  then  through  a  tube  in  a  combustion  fur- 
nace which  contained  red  hot  metallic  calcium.  The  drying  agents 
removed  all  water  vapor  and  the  heated  calcium  removed  all  traces 
of  oxygen  and  nitrogen.  Immediately  after  purification  the  hydrogen 
was  conducted  into  the  corona  apparatus.  In  the  purification  of  the 
hydrogen  a  discharge  tube  was  connected  directly  to  the  corona  ap- 
paratus, and  the  purity  of  the  hydrogen  was  tested  with  a  Hilger 
spectroscope.  After  careful  purification  no  traces  of  any  other  gas 
than  hydrogen  were  visible  in  the  bright  line  spectrum. 

The  tyi>e  of  the  corona  discharge  tube,  used  in  most  of  the  experi- 
ments to  be  described,  was  a  cylinder  with  a  wire  strung  along  its 
axis.    This  type  of  tube  was  chosen  for  several  reasons: 

(1)  The  corona  phenomena,  occurring  when  this  type  of 
apparatus  is  used,  lend  themselves  peculiarly  well  to  mathe- 
matical analysis. 

(2)  The  construction,  manipulation,  operation,  and  repair 
of  the  apparatus  are  extremely  simple. 

(3)  The  field  distribution  is  symmetrical  with  respect  to 
the  wire,  and  any  irregularities  in  the  wire  are  immediately 
recognizable  in  the  discharge. 

(4)  This  type  of  apparatus  has  been  used  by  other  investi^ 
gators;  thus  results  could  be  compared  with  greater  assurance 
of  reliability. 
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The  apparatus  was  so  arranged  that  wires  of  different  sizes  could 
be  easily  strung  and  held  taut  exactly  along  the  axis  of  the  cylinder. 
In  order  to  limit  the  length  of  the  wire  from  which  the  discharge 
took  place,  glass  plates  with  holes  for  the  wire  to  i>ass  through  were 
sealed  to  the  ends  of  the  cylinder  so  that  the  holes  were  on  the  axis 
of  the  cylinder  and  metal  bushings  were  inserted  in  these  holes.  The 
wire  which  was  run  through  the  bushings  was  held  taut  by  sealing  wax. 
The  cylinder  was  provided  with  a  side  tube  through  which  the  air 
could  be  pumped  out  and  dry  air  or  pure  gases  allowed  to  enter. 
When  the  visible  character  of  the  corona  was  to  be  studied  and 
photographed,  the  metal  cylinder  was  provided  with  a  longitudinal 
slot  and  the  whole  tube  placed  in  a  glass  cylinder.  Fig.  2  shows  a, 
typical  tube  with  slot. 

The  voltages,  if  low,  were  measured  with  a  Braun  type  Kohl 
electrostatic  voltmeter,  and,  if  higher,  a  vertical  type  Kelvin  electro- 
static voltmeter,  having  ranges  of  5,000,  10,000,  and  20,000  volts,  was 
used.  Frequently  these  instruments  were  calibrated  by  means  of  an 
attracted  disk  electrometer.  In  computing  the  voltages  from  the  disk 
electrometer  the  end  correction  as  treated  by  Maxwell  (7)  was  applied. 

Currents  were  measured  by  means  of  a  d'Arsonvalfgalvanometer 
and  an  Ayrton  universal  shunt.  These  were  calibrated  as  a  unit 
by  connecting  them  in  series  with  a  high  resistance  and  a  dry  cell,  the 
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voltage  of  which  had  previously  been  determined  by  means  of  a 
potentiometer.  The  voltage  of  the  dry  cell  was  determined  both  in 
open  circuit  and  on  closed  circuit  with  the  smallest  series  resistance 
used  in  the  calibration  placed  in  series  with  the  cell.  The  change  in 
terminal  voltage  due  to  the  current  flowing  was,  in  every  case,  found 
to  be  entirely  negligible. 

The  machines,  measuring  instruments,  and  corona  apparatus 
were  connected  as  is  shown  in  Pig.  3.  The  arrangement  of  the  connec- 
tions made  so  that  the  corona  occurs  between  a  positive  wire  and  a 
grounded  coaxial  cylinder  will  be  referred  to  throughout  this  bulletin 
as  corona  with  "the  wire  positive"  or  as  "positive  corona."  Like- 
wise, when  the  connections  are  such  that  the  corona  occurs  between 
a  positive  tube  and  a  grounded  wire  (as  in  Fig.  3),  the  corona  will 
be  referred  to  as  corona  with  "the  wire  negative"  or  as  "negative 
corona." 


Digitized  by  VjOOQ  IC 


16  ILLINOIS  £NGINEEBINO  EXPERIMENT  STATION 


CHAPTER  II 

General  Appearance  of  the  Corona  about  a  Wire  in  a  Cyundeb 

As  the  voltage  across  the  corona  apparatus  is  gradually  raised, 
a  point  is  reached  when  a  marked  increase  in  the  current  occurs,  and 
a  further  increase  in  voltage  causes  the  current  to  increase  very 
rapidly.  The  voltage  at  which  this  sudden  increase,  indicated  by 
the  deflection  of  the  galvanometer,  occurs  is  called  the  *' critical  volt- 
age." ** Visible  glow  voltage"  means  the  voltage  at  which  the  light 
about  tiie  wire  first  appears.  The  visible  glow  voltage  may  be  identi- 
cal with,  or  higher  than,  the  critical  voltage. 

The  positive  and  negative  corona  have  entirely  different  appear- 
ances and  will  be  considered  separately. 

4.  Wire  Positive  in  Air. — For  all  pressures  and  sizes  of  wire  used 
a  uniform  purple  glow  surrounds  the  positive  wire.  The  wire  has  a 
tendency  to  vibrate  at  high  pressures  and  high  current  densities  as  is 
shown  by  a,  Fig.  4.  The  thickness  of  the  luminous  film  seems  to  be 
a  constant  for  all  current  densities  and  pressures,  the  intensity  or 
brilliance  of  the  discharge  only  varying  with  the  current  and  pres- 
sure.   Positive  corona  in  air  at  various  pressures  is  shown  in  Fig.  4. 

5.  Wire  Negative  in  Air. — ^With  the  wire  negative  the  appear- 
ance of  the  corona  is  changed  in  a  very  marked  degree  as  is  shown 
in  Figs.  4  and  5.  From  these  photographs  the  following  properties  can 
be  observed: 

(1)  With  a  constant  wire  diameter  and  decreasing  pres- 
sures the  discharge  gradually  changes  from  a  fairly  uniform 
luminous  mass  with  ragged  boundaries  to  a  beady  discharge  as 
is  shown  in  Fig.  5.  The  luminous  mass  is  shown  breaking  up 
into  beads  at  /  and  g,  Fig.  4. 

(2)  For  a  constant  pressure  and  decreasing  wire  radii  the 
fairly  uniform  luminous  discharge  gradually  changes  to  the 
beady  discharge,  so  that  for  small  wires  (less  than  0.17  mm.  in 
diameter)  the  beady  discharge  occurs  at  all  pressures  between 
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(a)   Wnz+,  PRSistma  747  mm..  Vovm  9110.  Ampum  11.8X10-4 


(b)  WnuB— .  Pbmsubs  747  mm..  Yoi/n  8850.  Ampbbes  12.0X10— < 


(e)  WxRx+,  Pbessvbe  427.0  mm..  Voivn  6790.  Ampsbes  6.60X10— < 


(d)  Wns— .  Pbbmubs  427.0  mm..  Voi;»  6350.  AMPnas  7.11X10-S 


(e)  WniB4-,  Pbkbbubb  229  0  mm..  Voltb  4680.  AMPsmas  6.72X10—8 


(/)  Wirb— ,  PBB88UBB  229.0  MM..  VoLTS  4265.  Ampebks  6.60X10—3 


(g   WiKE— .  Pbkbsubb  87.0  mm..  Voltb  2200,  Ampbbks  6.70X10—8 


(h)  Wnw— .  Pbcssuhb  46.9  mm..  Voltb  1460,  Ampbreb  4.33X10—4 


(t)  A.  C.  PBBSBTmE  747  mm.,  Voltb  8180.  Amperbb  6.65X10-5 

Fig.  4.    Visual  Characteristics  of  the  (Corona  in  Am 
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(•)  Wns— .  PaMBUBB  119.8  mm..  Volm  3500.  Ampum  0.827 XIO-^ 


(b)  Wm— .  Pbusuu  119.3  mm..  yoi;n  2800,  Amfsbm  1.03X10-^ 


(c)  WiBK— ,  Prsssurb  119.3  MM.,  Volts  3160.  Ampbrm  2.23X10-^ 


■     '^^^^M™ 


^^Mrom^^W^IWrWff"^'^  ~  ff 


(<2)  WntK—   Pbbmdbb  119.6  mm..  Volt*  3ftS0.  Ampbbbs  4.65X10-^ 


(«)  WiBB— ,  Pbbssitbb  119.6  MM.,  Volts  3870,  Ampbbbs  10.0X10-^ 


(/)  WiBB— ,  PBB88UBB  119.6  MM.,  VoLTS  4020,  Ampbbbs  16.2X10-^ 


Fio.  5.    Variation  of  the  Number  of  Beads  with  the  Potential  Diffoonce 
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(o)  Wu— ,  Pbusubi  778.0  mm.,  Volts  3721,  AMPnas  9.15X10— > 


(b)  Wna+.  PBUSxna  436.0  mm.,  Volts  3840.  Ampsbbs  15.0X10— » 


(c)  Wnc— ,  Prkssurb  436.0  mm..  Volts  2300,  Ampbbks  18.0X10—3 


(d)  A.  C.  Prbssurb  436.0  mm..  Volts  2710,  Ampbbks  18.3X10—3 


(«)  WiBB— .  Pbbssubb  391.0  mm..  Volts  4585,  Ampbbbs  3.57X10—3 


CO  WiBE+,  Pbbssubb  234.5  mm..  Volts  4500.  Ampbbbs  21.3X10— < 
(o)  WniB— ,  Pbbssubb  234.5  mm..  Volts  2025,  Ampbbbs  1.76X10—3 

Fio.  6.    Corona  in  Hydrogen 
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atmospheric  and  50  mm.  of  mercury.  Under  certain  conditions 
of  pressure  and  voltage  these  negative  beads  or  brushes  distribute 
themselves  uniformly  along  the  wire  as.  is  shown  in  Fig.  5.  For 
the  lowest  pressures  the  beads  consist  of  a  bright  cylindrical  core 
along  the  wire,  this  core  being  surrounded  by  a  narrow  dark 
space  and  enveloped  in  turn  by  a  purple  glow  of  relatively  large 
diameter.  For  increasing  pressures  the  central  core  contracts 
to  a  x)oint  on  the  wire,  from  which  the  discharge  spreads  out 
fanlike  in  a  plane  at  right  angles  to  the  wire.  For  still  higher 
pressures  the  fan  seems  to  close  and  finally  to  degenerate  to  a 
small  brush. 

(3)  The  number  of  brushes  varies  with  the  potential  dif- 
ference. That  the  number  of  brushes  is  a  function  of  the  poten- 
tial difference  is  shown  in  Fig  5.  Between  the  voltages  at  which 
the  arrangement  of  the  brushes  was  most  regular,  there  seemed 
to  be  a  transition  period  in  which  there  were  many  little  brushes 
in  addition  \o  those  that  were  larger.  An  increase  of  voltage 
would  then  produce  a  set  of  full-sized  brushes. 

6.  Wire  Positive  in  Hydrogen. — ^With  the  wire  positive  and 
sizes  of  wire  less  than  0.405  mm.  in  diameter,  the  wire  is  surrounded 
by  a  thin  luminous  layer  which  is  essentially  uniform,  as  shown  at 
h,  Fig.  6.  As  the  size  of  the  wire  is  increased,  this  glow  becomes  more 
and  more  irregular.  At  first  there  are  spots  somewhat  brighter 
than  others.  For  a  wire  as  large  as  2.59  mm.  the  discharge  takes  the 
form  of  a  large  number  of  brushes  similar  to  the  point-discharge  in 
air.  It  has  been  impossible  to  obtain  satisfactory  photographs  of 
these  brushes.  They  are  closely  spaced  along  the  length  of  the  wire 
with  a  fairly  uniform  glow  between  them.  The  positive  discharge 
is  blue  in  color.  If  the  potential  is  increased  to  a  high  value,  a  bril- 
liant red  spark  will  pass  between  the  wire  and  the  tube.  This  spark 
is  followed  by  a  pale  blue  arc  having  incandescent  blue  spots  at  both 
ends.    These  arcs  are  illustrated  in  f,  Fig.  6. 

7.  Wire  Negative  in  Hydrogen. — The  typical  form  of  discharge 
with  the  wire  negative  is  shown  in  Fig.  6.  For  small  wires  and  large 
pressures  the  discharge  on  the  wire  consists  of  distinct  bright  beads 
with  well  defined  edges,  while  for  large  wires  and  small  pressures  it 
changes  to  a  more  fuzzy  discontinuous  discharge.    As  the  potential 
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is  continually  increased  from  values  below  to  values  above  the  critical 
point,  the  first  evidence  of  a  breakdown  of  the  gas  around  the  wires 
of  small  radii  is  the  appearance  of  an  intermittent  flickering  glow 
which  changes  almost  immediately  with  the  change  of  potential  to 
a  number  of  flickering  unstable  bright  spots  on  the  wire.  For  wires 
larger  than  0.200  mm.  in  diameter  the  flickering  glow  does  not  form, 
but  the  beady  discharge  is  the  first  to  form  for  these  wires.  In  all 
cases,  however,  a  voltage  increase  causes  an  increase  in  the  number  of 
spots;  the  corona  current  gradually  increases  (a  time  element  enters 
in  the  building  up  of  the  current)  and  finally  a  stage  is  reached 
where  the  spots  condense  into  one  brilliant  bead.  The  formation  of 
this  bead  is  accompanied  by  an  extremely  rapid  increase  of  current 
and  a  correspondingly  large  and  rapid  drop  in  the  potential  across 
the  tube.  A  further  increase  in  voltage  causes  more  small  bright 
spots  to  form,  and  also  causes  an  increase  in  the  brilliancy  of  the 
bead.  The  newly  formed  spots  condense  into  a  second  bead  upon  a 
further  increase  in  voltage,  and  in  this  manner  the  number  of  beads 
and  the  current  increase  as  the  tube  voltage  is  increased. 

If  the  generator  voltage  is  now  decreased,  the  behavior  of  the 
corona  is  somewhat  different.  If  there  are  nine  beads  upon  the  wire, 
for  example,  they  will  persist  but  become  less  and  less  brilliant  until 
they  finally  collapse  into  one  or  two  beads.  It  seems,  therefore,  that 
with  increasing  voltage  the  beads  appear  one  by  one  until  the  maximum 
voltage  is  reached,  wheu  the  number  of  beads  is  also  a  maximum ;  but 
that  with  decreasing  voltage  the  beads  remain  on  the  wire  at  much 
lower  voltages  than  those  at  which  they  were  formed.  In  fact  they 
persist  until  a  change  in  number  takes  place  when,  not  only  one  but 
several  beads  disappear,  so  that  the  beads  remaining  again  increase 
in  brilliance,  and  a  considerable  lowering  of  the  voltage  is  necessary 
to  destroy  more  beads.  With  a  constant  number  of  beads  the  current 
increases  with  increasing  voltage.  The  bead  brilliancy  increases  also 
with  an  increase  of  current.  With  a  change  in  the  number  of  beads 
the  current  value  makes  a  sudden  change.  This  change  is  approxi- 
mately proportional  to  the  change  in  the  number  of  beads. 

Opposite  each  bead  for  practically  all  pressures  and  all  sizes  of 
wire  used,  there  is  a  number  of  bright  spots  on  the  tube.  The  number 
of  spots  varies  from  ten  to  twelve  for  small  wires  and  for  small  pres- 
sures to  many  hundred  for  large  wires  and  for  large  pressures. 

For  a  given  wire  and  a  given  pressure  the  number  of  spots  de- 
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pends  upon  the  magnitude  of  the  corona  current,  if  only  a  few  spots 
exist,  they  will  be  grouped  together  around  the  side  of  the  bead 
nearest  the  tube,  but  when  the  current  is  large  the  spots  will  form  a 
band  extending  entirely  around  the  tube  and  of  a  width  of  one  cen- 
timeter or  less.  These  spots  vary  in  color  from  pale  yellow  to  a 
milky  blue,  depending  on  the  pressure,  current,  and  size  of  wire. 
With  low  pressures  and  large  currents  these  spots  may  appear  as 
brilliant  green  fans  with  yellow  spots  where  they  touch  the  tube. 
The  green  color  may  be  due  to  the  brass  tube  and  not  to  an  inherent 
property  of  the  hydrogen.  The  presence  of  these  spots  at  the  tube 
surface  seems  to  indicate  an  ionizing  gradient  in  this  region. 

The  predominating  color  of  the  various  discharges  through  hy- 
drogen is  blue,  which  ranges  from  a  light  silver  blue  to  sky  blue. 
The  exceptions  to  this  characteristic  blue  color  have  been  mentioned 
in  the  preceding  paragraph. 

8.  Alternating  Current  Corona  in  Air  and  Hydrogen. — ^When 
an  alternating  voltage  is  impressed  across  a  tube  filled  with  air,  the 
discharge  seems  to  be  a  combination  of  the  discharges  with  the  wire 
positive  and  with  the  wire  negative.  As  would  be  expected,  the 
beads  appear  during  the  half  cycle  when  the  wire  is  negative  and  the 
uniform  glow  appears  during  the  half  cycle  when  tlie  wire  is  positive. 
This  is  shown  in  i,  Fig.  4. 

When  alternating  current  is  applied  to  a  tube  filled  with  hydro 
gen,  the  discharge  always  appears  to  be  very  similar  to  that  observed 
when  the  wire  is  negative,  as  shown  clearly  in  d,  Pig.  6.  The  absence 
of  the  uniform  luminous  layer  between  the  beads  shows  that  the 
characteristic  positive  discharge  is  absent ;  thus  either  partial  or  per- 
fect rectification  is  indicated.  The  absence  of  the  positive  discharge 
can  better  be  understood  after  studying  the  starting  points  of  the 
positive  and  negative  corona,  as  shown  in  the  curves  which  follow. 

If  the  alternating  voltage  is  suflBciently  increased  the  positive 
corona  discharge  forms,  and  finally  with  a  sufficient  increase  the 
positive  arc  is  produced.  That  the  arc  occurs  during  the  half  cycle 
in  which  the  wire  is  pasitive  can  be  verified  by  two  methods.  (1) 
By  watching  the  discharge  as  the  voltage  is  increased  to  the  arcing 
value,  one  observes  the  first  arc  to  be  a  reddish  color.  This  is  known 
to  be  the  positive  arc.  (2)  Oscillograms  show  that  the  change  in  cur- 
rent, indicating  the  starl  oF  the  arc,  occurs  from  a  positive  current  lobe. 


Digitized  by  VjOOQ  IC 


^ 


tLLlNOlg  EKQtNEEftmO  SXPEBtMENT  STATION 


CHAPTEB  ni 
The  Starting  Point  op  thb  Cobona 

For  encrineering  purposes  it  is  important  to  know  the  factors 
which  affect  the  starting  point  of  the  visible  glow.  In  air,  of  a  given 
hnmidity,  the  starting  point*  is  mainly  a  function  of  two  variables: 
(1)  the  radius  of  the  wire,  (2)  the  pressure  of  the  air.  In  hydrogen 
the  first  few  investigations  disclosed  the  fact  that  the  starting  voltages 
were  erratic  under  apparently  similar  temperature,  pressure,  and  wire 
surface  conditions.  All  disturbing  elements,  except  possibly  a  time 
element,  seemed  to  be  eliminated ;  so  tests  were  made  to  determine  the 
effect  on  the  starting  voltage  of  a  variation  in  the  length  of  time  elaps- 
ing between  successive  readings.    Fig.  7  shovni  the  results  of  a  repre- 
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sentative  test  of  this  type.  The  method  of  procedure  for  taking  the 
readings  for  this  test  was  as  follows :  The  circuit  was  closed,  corona 
was  started,  and  the  voltage  was  increased  to  a  value  sufficient  to  make 
the  current  reading  2.472  X  10-*  amperes.  The  circuit  was  then 
opened,  and  the  time  of  opening  the  circuit  was  called  zero  time.  One- 
half  minute  later  the  circuit  was  closed  and  the  critical  voltage  value 
was  determined  as  soon  as  possible.  After  this  determination  was  made, 
the  current  was  again  brought  to  2.472X10-*  amperes,  the  circuit 
opened  and  the  new  time  was  called  zero  time.  A  critical  voltage 
determination  was  made  one  minute  later.  This  process  was  continued 
until  a  definite  conclusion  concerning  the  variation  of  critical  voltage 
with  time  was  reached.  As  a  direct  consequence  of  this  test  all  deter- 
minations of  critical  voltages  in  hydrogen  were  made  only  when 
enough  time  had  elapsed  after  breaking  the  corona  circuit  to  insure 
a  resumption  of  normal  conditions. 

Experiments  were  also  conducted  to  determine  whether  or  not 
the  starting  voltage  was  different  for  the  two  following  cases:  (1) 
when  the  voltage  was  gradually  increased  in  value  until  the  critical 
value  was  reached,  and  (2)  when  the  full  voltage  was  suddenly 
thrown  across  the  tube.    No  appreciable  difference  was  found. 

In  addition  to  this  time  element  the  starting  point  of  the  visible 
glow  in  hydrogen  also  depends  upon  the  radius  of  the  wire  and  the 
pressure  of  the  gas.  In  the  next  two  sections  the  variations  of  the 
glow  voltage  with  these  factors  are  discussed. 

9.  Olow  Volts — Radius  Curves, — ^Pig.  8  gives  curves  showing 
the  variation  of  the  glow  voltages  with  the  radius  of  the  wire  when 
air  and  hydrogen  formed  the  dielectric.  In  the  air  curves  the  data 
for  points  representing  wires  of  very  small  radii  were  taken  from 
voltage-ampere  curves  for  silver  and  tungsten  wires.  The  data  for 
the  rest  of  the  points  were  taken  from  the  characteristic  voltage^ 
ampere  curves  for  copper  as  reproduced  in  this  bulletin.  The  silver 
wire  used  was  really  silver  wire  with  a  platinum  core,  known  as 
"WoUaston  wire."  It  was  used  both  in  its  original  state,  diameter 
0.0517  mm.,  and  with  some  of  the  silver  dissolved  off;  thus  the  wires 
used  were  of  average  diameters  0.027  and  0.037  mm.  The  tungsten 
wire  was  that  used  in  25-watt  lamps.  The  diameters  of  the  very  small 
wires  were  obtained  by  the  use  of  a  microscope  fitted  with  a  stage 
ruled  with  parallel  lines. 
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From  thb  air  curves  the  following  conclusions  can  be  drawn: 

(1)  For  the  smaller  wires,  the  negative  glow  appears 
before  the  positive. 

(2)  For  the  larger  wires,  the  positive  glow  appears  before 
the  negative. 

(3)  The  diameter  of  wire,  0.075  mm.,  serves  as  a  dividing 
line  between  these  two  groups.  ShaflPers  has  noted  similar  data 
which  when  plotted  show  a  crossing  of  the  curves  for  the  start- 
ing points  of  the  positive  and  negative  corona,  but  he  gives 
0.01  cm.  as  the  wire  radius  to  separate  the  two  groups.    He  does 
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not  specify  wliac  ne  considered  as  the  starting  point  of  the  nega- 
tive corona,  and  it  is  accordingly  not  practical  to  compare  his 
value  with  that  shown  in  the  air  curves. 

The  hydrogen  curves  show:  (1)  that  the  critical  voltage  for 
hydrogen  is  very  much  less  than  that  for  air,  (2)  that  for  any 
particular  size  of  wire  and  any  given  pressure  the  negative  start- 
ing voltage  is  much  less  than  the  positive  voltage.  It  is  seen  that  for 
most  of  the  range  of  wires  used  the  opposite  is  true  for  air. 

10.  Olow  VolU — Pressure  Curves. — Pig.  9  gives  curves  show- 
ing the  variation  of  critical  voltages  with  the  pressure.  In  these  ex- 
periments only  one  wire  was  used  when  the  tube  was  filled  with  air 
but  each  of  two  wires  was  successively  used  when  the  tube  was  filled 
with  hydrogen. 

These  curves  show  that  in  both  air  and  hydrogen  for  a  single  size 
of  wire,  an  increase  in  the  gas  pressure  requires  an  increase  in  the 
voltage  necessary  to  start  the  corona  discharge.     These  curves  also 
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show:  (1)  that  the  positive  critical  voltage  for  air  is  lower  than  the 
negative  critical  voltage,  while  for  hydrogen  the  negative  critical 
voltage  is  the  less;  (2)  that  for  a  constant  pressure  and  size  of  wire 
the  critical  voltage  in  hydrogen  is  much  lower  than  the  critical  voltage 
in  air. 

11.  Starting  Paint  Expressed  in  Terms  of  Electric  Intensity 
as  a  Function  of  Radiiis  and  Pressure. — The  electric  intensity,  e, 
at  the  surface  of  the  wire,  subject  to  a  potential,  V,  coaxial  with  a 
cylinder  at  zero  potential,  is  given  by  the  following  equation: 


a  logg  — 
a 


(1) 


where  a  -  radius  of  the  wire, 

b  —  radius  of  the  cylinder. 

Thus  if  V,  a,  and  b  are  known,  e  can  be  computed.  A  sample 
table  showing  glow  voltage  and  computed  electric  intensity  as  a  func- 
tion of  the  radius  of  the  wire  in  air  is  given  in  Table  1.  While  with 
increasing  radius  the  glow  voltage  increases,  the  electric  intensity,  €, 
at  the  surface  of  the  wire  decreases.  Fig.  10  shows  this  relation 
graphically. 


Table  1 

Critical  Difference  of  Potential  to  Cause  Continuous  Glow  as 
Function  of  Radius  of  Wire 


1 

2 

3 

4 

5 

6 

7 

Rem. 

V+ Volte 

E+Volt8 

E+Volta 

V-Volte 

E-Volta 

E~VolU 

per  cm. 

Calcul. 

per  cm. 

Cftleul. 

0.00136 

2720 

2.74X10* 

2.62X10* 

2520 

2.52X105 

2.55X10* 

0.002185 

3380 

2.58 

2.29 

8230 

a.46 

2.23 

0.0023 

3500 

2.25 

2.09 

3300 

2.08 

2.04 

0.00258 

3630 

2.12 

1.99 

3500 

2.02 

1.94 

0.00386 

4060 

1.66 

1.67 

4060 

1.66 

1.65 

0.00678 

5140 

1.31 

1.34 

5320 

1.36 

1.33 

0.00825 

5710 

1.25 

1.25 

6140 

1.21 

1.21 

0.012 

6600 

1.07 

1.09 

6840 

1.09 

1.09 

0.013 

7180 

1.07 

1.06 

7660 

1.14 

1.06 

0.0205 

8900 

0.93 

0.91 

9370 

0.99 

0.92 

0  0325 

10880 

0.80 

0.79 

11440 

0.83 

0.80 

0.0385 

11850 

0.77 

0.75 

12400 

0.79 

0.76 

0.0512 

13500 

0.71 

0.69 

14120 

0.78 

0.71 

0.0642 

14700 

0.65 

0.65 

15220 

0.64 

0.64 
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Peek  has  found  that  the  following  law,  connecting  electric  in- 
tensity and  radius,  holds : 


€-.1  + 


5 


(2) 


where  A  and  B  are  constants  and  a  is  the  radius  of  the  wire.  The 
data  in  columns  3  and  6  of  Table  1  were  obtained  by  substitution 
in  equation  (1)  and  columns  4  and  7  by  substitution  in  the  empirical 
law  represented  by  equation  (2).  By  comparing  columns  3  and  4, 
and  6  and  7,  one  sees  that  for  the  smallest  wires  there  are  deviations 
from  this  formula.  These  deviations  occur  probably  because  the 
critical  voltage  and  the  glow  voltage  differ  from  each  other,  and  be- 
caose  there  is  possibly  a  distortion  of  the  field  due  to  ionization  before 
the  glow  begins.    For  the  data  given  it  is  found  that  for  the  positive 
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wire  A  =  31.6  X  10*,  B  =  8.47  X  10* ;  and  for  the  negative  wire 
A  =  35.0  X  10^   B  =  8.06  X  10». 

In  hydrogen  the  relation  between  electric  intensity  and  the  wire 
radius  follows  equation  (2)  only  approximately,  and  then  only  for 
wires  whose  radii  fall  within  the  limits  from  0.1  mm.  to  1.0  mm., 
and  for  gas  pressures  ranging  from  100  mm.  of  mercury  to  atmos- 
pheric pressure.  For  wires  of  diameters  larger  than  1.0  mm.,  the 
ratio  of  the  radius  of  the  wire  to  the  radius  of  the  tube  becomes  com- 
paratively small  and  the  discharge  phenomena  change  their  charac- 
ter until  with  a  No.  8  wire,  3.23  mm.  in  diameter,  corona  does  not 
form  at  any  pressure. 

Prom  the  curves  showing  the  relation  between  the  critical  voltage 
and  the  pressure,  found  by  computing  the  electric  intensity,  curves 
could  be  drawn  showing  the  relation  between  electric  intensity  and 
pressure. 

Such  curves  taken  from  data  with  hydrogen  can  be  represented 
nearly  accurately  by  another  one  of  Peek's  formulas. 

e=e^p-fcV^ (3) 

where  e  =  critical  electric  intensity  at  wire, 

p  =  pressure  in  percentage  of  atmospheric  pressure,  '   1 

€o  and  c  =  constants. 
These  two  laws  of  Peek  can  be  combined  into  the  one  equation: 

where  eo  and  D  are  constants,  and  a  and  p  have  the  significance  given 
to  them.  For  both  air  and  hydrogen  it  has  been  found  that  this  law 
represents  the  facts  only  very  approximately,  especially  is  this  state- 
ment true  for  large  wires  and  low  gas  pressures.  In  hydrogen  the 
critical  and  glow  voltages  have  identical  values  for  all  sizes  of  wire  and 
pressures  studied. 

12.  Theoretical  Considerations. — Several  attempts  have  been 
made  to  give  theoretical  explanations  of  the  corona  discharge.  No 
theory,  however,  has  succeeded  in  explaining  all  the  phenomena.  Id 
many  cases  the  theory  of  spark  discharge  has  been  applied  to  the 
corona.     Spark  and  corona  are.  however,  different  phenomena.     Tn 
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the  spark  there  is  no  distinction  between  positive  and  negative ;  where- 
as this  distinction  in  the  corona  is  very  necessary.  In  order  to  start 
a  spark  a  high  potential  difference,  as  a  rule,  is  required ;  but  as  soon 
as  the  spark  strikes,  the  potential  difference  falls  to  a  very  small 
value.  This  is  not  the  case  for  the  corona  in  air ;  moreover  when  the 
corona  is  started  one  has  to  raise  the  potential  difference  a  great  deal 
before  a  spark  or  rather  an  arc  appears  completely  across  the  gas 
between  the  electrodes.  In  the  case  of  the  spark  the  striking  potential 
difference,  V,  depends  only  on  the  pressure,  p,  of  the  gas  and  the  dis- 
tance, d,  between  the  electrodes: 

F=  Cpd 

where  C  is  a  proportionality  factor.  This  law  is  found  by  the  follow- 
ing consideration.    Suppose  that  there  are  a  few  electrons  present  in 

V 
the  gas  in  the  natural  state.     If  an  electric  force,  c  =  -j^  is  applied, 

and  if  X  is  the  average  distance  between  successive  collisions  of 
an  electron  with  a  molecule,  then  this  distance,  X,  must  be  such  that 
the  force,  €,  has  time  enough  to  impart  to  the  electron  the  energy,  Ee^ 
required  to  ionize  the  molecule ;  hence 

Ec  V  jr        Ec    , 

but  X,  the  distance  between  ionizing  collisions,  is  inversely  pro- 
portional to  the  pressure  of  the  gas ;  hence  V=C.d.  p,  or  the  striking 
potential  difference,  V,  is  constant  if  p.  d  is  constant.  The  spark  de- 
pends only  on  the  properties  of  the  gas,  especially  on  the  mass  of  the 
gas  between  the  two  electrodes,  but  it  is  independent  of  the  electrodes. 
The  apparent  law  of  the  corona  discharge  is  quite  different.  The 
electric  force,  €,  which  must  be  applied  in  order  to  start  the  corona 
discharge  depends  not  only  on  the  pressure  of  the  gas  but  also  on 
the  radiuR  of  the  wire  approximately  according  to  the  expression 


-"K'-w) 


or  for  constant   pressure:  «=  A+  -pr 

For  small  wires  a  relatively  strong  electric  force  is  required.    A  later 
chapter  will  show  that  not  only  the  radius  of  the  central  wire  but  alsA 


Digitized  by  VjOOQ  IC 


32  ILLINOIS  ENOINEERINO  EXPERIMENT  STATION 

its  mechanical  and  chemical  properties  affect  the  initial  discharge. 
At  all  events  in  the  negative  corona  it  seems  as  if  the  electrons  were 
supplied  in  part  by  the  metal  and  not  only  by  the  gas. 

A  partial  explanation  of  the  last  formula  can  be  given  as  follows : 
assume  that  in  the  neighborhood  of  the  wire  in  a  layer  of  constant 
thickness,  S,  a  certain  constant  energy  is  required  for  the  beginning 
corona,  different  for  positive  and  negative  electricity;  in  fact  the 
splitting  up  of  the  molecules  into  ions  and  the  emission  of  light  re- 
quire energy.  When  a  sufficient  amount  of  energy  is  supplied,  the 
breaking  down  of  the  dielectric  accompanied  by  the  luminous  corona 
will  occur.  The  thickness,  5,  of  the  luminous  layer  seems  nearly 
independent  of  the  radius  of  the  wire.  In  the  neighborhood  of  the 
wire,  the  electric  force,  e,  assumes  large  values  so  that  the  polari- 
zation is  also  large  and  an  opposing  electric  force,  Co,  of  polari- 
zation will  be  created,  so  that  the  resultant  electric  force  is  equal 
to  €  —  €o.  If  A;  is  the  dielectric  constant,  /2i,  the  radius  of  the  wire, 
then  the  energy,  E^y  per  unit  length  in  a  layer  of  thickness,  5, 
around  the  wire  is : 


€=»  6o+  ^LD    5 


JUT 

If  ^1,  i,  and  5  are  constant,  then 

"0~  ^7r"'     *^®  ^^  which  approximately 

represents  these  observations. 

The  principle  of  similarity  is  now  applied  to  two  tubes,  T  and  T\, 
where  the  linear  dimensions  are  in  the  constant  ratio  of  1 :  s,  so  that 

y 
R'l^Riz;  R'2''R2^f  then  6i« 


ffilog|2 


«'i  = nr  = »-  =  —I   provided  the  potential   dif- 
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ferenee,  V,  is  the  same  in  both  tubes.    The  discharge  will  start  under  the 

same  potential  difference  if  p'«-^;   then  for  the  mean  free  paths 

in  both   tubes  the  relation  is:  \'  —  \z  and  for  the  time  intervals, 
V  and  i  respectively,  between  two  successive  collisions:  f  =^tz. 
At  any  two  corresponding  points  such  as  A  and  A'  the  electric  forces 
are: 


e 


2  > 


€  =- 


€Z 


because  it  is  assumed  that  at  any  moment  the  distribution  and 
movement  of  the  ions  in  the  tubes  are  exactly  similar,  but  that  the  total 
numbers  are  in  the  ratio  of  1 :  2;  hence 


€'V  =  — X2  =   6X 

z 


€X  is,   however,    the  work  done  by  the  electric  field  during  the 
motion  of  an  ion  over  a  mean  free  path ;  if  after  this  mean  free 


V  P 


B 


X 


f^M 


3 


Fio.  11.    THXCuenoAL  Tubss  with  Linbab  Dimensions  in  Constant  Batio 
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path  the  next  collision  results  in  ionization,  it  will  do  so  in  corres- 
ponding points  of  both  tubes.      Moreover 

€  I  R  I  =  —  RiZ  =  €i  Ri  and 

z 

p'  R'l  =  -Ri  z  ==  p  Ri;  hence 
z 

if  €ii2i   is  kept  constant,    then   pRi  remains  constant;  or  €iRi  \a 

only  a  function  of  pB,.     If  €i  =  €o  +    , — ,  then 

ei«i=  «ofii.l.+  -y=,forp  =  1. 

"V/Ci  ,1. 

But  if  Ri,l,    is  kept  constant   and  is  equal  to  RiPy    then   €iRi     \ 
remains  constant;  hence  j 

VfliP 

€l  =€oP+-T^=,or 
Vflip 

b 


^K''-"^' 


a  rule  approximately  verified  at  least  by  experimental  measurements 
in  air. 
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CHAPTER  IV 

Characteristic  Curves 

A  characteristic  curve  for  the  corona  discharge  shows  graphi- 
cally the  relation  between  the  voltage  across  the  tube  and  the  result- 
ant current.  Such  curves  will  be  considered  in  the  following  para- 
graphs for  air  and  hydrogen  at  various  pressures. 

13.  Ampere-VoUage  Characteristic  Curves  for  Air  at  Atmospheric 
Pressure. — ^It  was  found  that  the  cun'ents  flowing,  when  the  voltages 
were  below  the  critical  voltage,  were  negligible;  consequently  the  fol- 
lowing tests  were  started  at  a  voltage  somewhere  near  the  critical 
voltage.  For  each  voltage  the  deflection  of  the  galvanometer  was 
read  for  both  polarities  of  the  wire. 

The  presence  of  dirt  or  dust  particles  on  the  wire,  when  negative, 
has  a  marked  effect  upon  the  discharge.  Often  a  spot  or  two  on  the 
wire  would  glow  long  before  the  wire  as  a  whole  was  luminous.  Be- 
cause of  this  fact  there  is  no  definite  critical  voltage  as  in  the  positive 
polarity,  for  the  initial  jump  of  the  deflection  is  much  a  matter  of 
chance.  As  the  voltage  is  increased,  however,  there  occurs  a  critical 
voltage  at  which  a  flickering  glow  can  be  seen  along  the  wire  prelimi- 
nary to  the  spreading  of  the  discharge  from  a  few  spots  over  the  whole 
wire.  This  phenomenon  occurs  at  a  definite  voltage  for  a  given  size 
wire  and  it  is  this  voltage  which  is  given  in  the  tables  under  **  visible 
glow''  for  the  negative  polarity. 

Fig.  12  shows  the  characteristic  curves  and  critical  voltage  for 
copper  wires  of  diameters  ranging  from  0.41  mm.  to  1.28  mm. 

A  study  of  these  data  shows  the  following  facts: 

(1)  For  the  smaller  wires,  the  critical  voltage  is  con- 
siderably lower  than  the  glow  voltage,  and  a  fairly  large  current 
exists  before  a  luminous  discharge  occurs.  This  statement  ap- 
plies to  wire  positive. 

(2)  The  smallest  wire,  for  which  there  is  no  current  for 
wire  positive  before  glow  appears,  is  0.135  mm.  diameter. 

(3)  For  wires  larger  than  0.135  mm.  diameter,  current  and 
glow  appear  simultaneously,  for  wire  positive. 
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(4)  For  wires  about  No.  26  and  larger  the  current  and  the 
visible  glow  appear  simultaneously,  as  a  general  rule,  for  the 
negative  polarity. 

14.  Characteristic  Curves  in  Air  at  Reduced  Pressures. — It  was 
discovered  that  a  change  in  the  pressure  of  the  air  in  the  corona  ap- 
paratus had  a  marked  effect  upon  the  current  caused  by  a  given 
voltage;  thus  it  was  determined  to  obtain  characteristic  curves  at 
reduced  pressures  for  different  wires.  From  such  data  it  was  hoped 
that  the  current  readings  for  the  different  sizes  of  wire  might  be  re- 
duced to  a  760  mm.  basis.  A  series  of  characteristic  curves  was, 
therefore,  taken  for  different  pressures  with  dry  air  in  the  tube. 
Fig.  13  shows  these  results  for  No.  26  copper  wire.  These  curves  show 
a  marked  increase  in  the  current  for  a  relatively  small  decrease  in 
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the  pressure.    The  curves  also  show  an  unsymmetricai  spacing  which 
suggests  the  presence  of  some  disturbing  factor. 

In  a  number  of  preliminary  experiments  it  was  found  to  be  im- 
possible to  repeat  observations  if  the  tube  was  closed  and  the  air  not 
changed.  In  order  to  eliminate  any  disturbing  effects  due  to  moist- 
ure in  the  air  and  possible  changes  in  the  constitution  of  the  air  in  the 
tube,  an  arrangement  was  devised  for  supplying  dry  air  which  could 
be  pumped  through  the  tube  out  into  the  atmosphere.  The  air  was 
dried  by  being  passed  through  wash  bottles  containing  sulphuric  acid 
and  then  through  a  tube  containing  soda-lime.  Fig.  14  shows  the  re- 
sults when  No.  40  wire  was  used.  These  curves  show  a  regular  effect 
of  pressure  which  is  larger  for  the  negative  than  for  the  positive 
corona.    This  regularity  seems  to  indicate  that  the  discordant  results 
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obtained  in  the  preliminary  experiments  were  due  to  the  presence  of 
other  factors  rather  than  mere  change  of  the  pressure. 

To  determine  the  effect,  if  any,  of  confining  air  in  a  closed  tube 
upon  the  coronal  current  a  series  of  tests  was  run  under  constant 
pressure  with  various  conditions  as,  for  examples,  the  closing  of  the 
tube,  the  renewal  of  the  air.  The  erratic  results  which  followed 
showed  no  evident  relations  and  indicated  that  confinement  of  the 
air  has  a  great  effect  upon  the  coronal  current  and  also  upon  the 
critical  and  visible  glow  voltages.  Such  an  effect  does  not  appear 
strange  when  one  thinks  of  the  ozone,  and  possibly  other  products 
formed  which,  when  the  tube  is  closed,  must  remain  inside  and  thus 
change  the  character  of  the  gas  to  a  considerable  extent.  It  must 
be  concluded  from  these  tests  that  it  is  unsafe  to  compare  results 
obtained  in  a  closed  tube  with  those  obtained  where  there  is  a  plenti- 
ful supply  of  fresh  air. 

15.  Characteristic  Curves  in  Hydrogen  at  Atmospheric  and 
Reduced  Pressures. — Some  characteristic  curves  for  positive  corona 
in  hydrogen  are  given  in  Figs.  15  and  16.  The  most  remarkable 
points  about  these  characteristics  are: 

(1)  The  marked  difference  between  the  critical  voltage  and 
the  voltage  at  which  corona  ceases. 

(2)  The  difference   between  the  points  taken  with  increas- 
ing and  those  taken  with  decreasing  current. 

This  persistence  of  corona  at  voltages  less  than  that  necessary 
to  start  the  discharge  has  not  been  observed  with  air  and  continuous 
potentials.*  If  there  is  any  such  difference  for  air,  its  magnitude  is 
certainly  very  much  less  than  with  hydrogen. 

This  difference  between  the  critical  voltage  and  the  voltage  at 
which  corona  is  maintained  may  be  explained  by  the  change  in  the 
electric  intensity  (volts  per  centimeter)  at  the  surface  of  the  wire 
after  the  corona  has  formed.  This  change  of  intensity  is  caused  by  the 
space  charge  due  to  the  positive  and  negative  ions  in  the  space  be- 
tween the  wire  and  the  tube.  That  such  a  distortion  of  the  electric 
field  exists  will  be  shown  later.    The  difference  between  the  critical 


*See  Bennett,  A.  I.  E.  B..  Proo.  Vol.  32,  Part  II,  p.  1796, 1913,  for  alternaUng  potentials. 
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voltage  and  the  voltage  at  which  the  discharge  ceases  is  not  detected 
unless  all  sources  of  irregular  ionization,  such  as  rough  spots  on  the 
wire,  high  intensity  where  the  wire  passes  through  the  glass,  etc.,  are 
eliminated. 

Other  properties  of  the  characteristic  curves  are: 

(3)  For  a  given  voltage  the  current  increases  with  a  de- 
crease of  density  of  hydrogen. 

(4)  For  a  given  voltage  the  current  increases  with  a  de- 
crease in  wire  diameter. 

(5)  The  characteristic  curve  is  very  nearly  parallel  with 
the  current  axis  so  that  a  small  change  in  potential  produces  a 
very  great  change  in  current. 

(6)  As  soon  as  the  copious  ionization  stage  is  reached,  the 
current  rises  to  a  high  value.  For  wires  as  large  as  No.  8  the 
current  increases  immediately  to  arcing  values.  As  the  size  of 
the  wire  is  decreased  the  initial  jump  diminishes  until  with  a 
No.  32  wire  (0.200  mm.  in  diameter)  at  atmospheric  pressure 
the  current  rises  to  a  value  of  the  order  of  10  -  *  amperes. 

(7)  With  a  single  size  of  wire  and  varying  pressures,  the 
initial  current  rise  diminishes  with  a  decrease  in  pressure. 

Characteristic  curves  for  negative  corona  for  various  pressures 
and  two  sizes  of  wire  are  given  in  Figs.  17  and  18.  The  full  line 
curves  represent  stable  conditions  and  a  constant  number  of  beads. 
The  number  of  beads  on  any  particular  curve  may  be  determined  by 
noting  the  small  number  adjacent  to  the  curve.  In  the  small  wire 
it  will  be  noticed  that  the  shape  of  these  characteristics  depends  to 
a  large  extent  upon  the  gas  pressure. 

With  the  smaller  wire  (No.  36  diameter  .0121  mm.)  the  corona 
seemed  to  start  in  each  case  with  a  number  of  very  small  bright 
points  on  the  wire.  Usually,  however,  the  negative  corona  started 
with  an  unstable  flickering  glow  along  the  wire.  With  an  increase 
of  voltage  the  current  gradually  increased  until  a  point  was  reached 
where  the  small  bright  spots  combined  into  one  negative  bead  of  the 
kind  described  in  Chapter  II.  This  change  in  formation  was  accom- 
panied by  a  large  increase  in  current  and  by  a  drop  in  the  potential 
difference  between  the  wire  and  the  tube.  This  drop  in  pot^tial 
difference  across  the  tube  was,  in  a  certain  sense,  due  to  the  resistance 
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in  series  with  the  corona  tube.  The  increased  current  taken  by  the 
tube  causes  a  higher  drop  through  the  series  resistance.  This  in- 
creased drop  stabilizes  the  corona  discharge  and  prevents  the  indefi- 
nite increase  of  current  which  might  result  if  there  were  no  resist- 
ance in  the  circuit.  The  gaps  in  the  curves  represent  unstable  con- 
ditions. An  increase  in  the  generated  voltage  caused  an  increase  in 
the  corona  current,  which  was  accompanied  by  either  an  increase 
or  a  decrease  of  the  voltage  between  the  wire  and  the  tube  depending 
on  the  size  of  wire  and  the  gas  pressure. 

It  may  be  noticed  that  for  the  lower  pressures  the  characteristics 
are  similar  to  the  usual  arc  characteristic.  The  discharge,  however, 
was  not  that  of  the  arc.  The  arc  formed  if  the  machine  voltage  was 
sufficiently  increased.  This  increase  was  accompanied  by  a  further 
drop  in  the  voltage  between  the  wire  and  tube  and  an  entire  change 
in  the  general  appearance  of  the  discharge. 

The  study  of  the  negative  characteristics  leads  to  the  following 
conclusions : 

(1)  For  larger  wires  the  curves  for  a  constant  number  of 
beads  have  positive  slopes  at  all  pressures  above  100  mm. 

(2)  For  a  given  wire  and  gas  pressure  the  curves  become 
more  nearly  parallel  with  the  current  axis  as  the  current  in- 
creases in  value. 

(3)  For  a  given  number  of  beads  and  a  constant  pressure 
the  maximum  possible  voltage  variation  is  approximately  a  con- 
stant, whatever  the  number  of  beads. 

(4)  With  a  constant  radius  and  a  decreasing  pressure  the 
curves  revolve  in  a  coimter-clockwise  direction  about  their  lower 
points  until  their  slopes  change  from  positive  to  negative  values. 
The  discharges  become  unstable  at  the  point  of  infinite  slope 
and  resemble  the  arc  discharge  in  so  far  as  this  property  is  con- 
cerned. 

(5)  With  a  constant  pressure  and  decreasing  radius  the 
critical  electrical  intensity  decreases,  and  the  slopes  of  the  curves 
approach  negative  values. 

(6)  In  all  cases,  as  the  voltage  is  gradually  increased 
through  the  critical  value,  the  beads  form  one  by  one,  the  current 
values  at  any  time  being  approximately  proportional  to  the  num- 
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ber  of  beads.    The  initial  current  values  never  became  excessive 
as  they  do  with  the  positive  corona  discharges. 

(7)  For  a  given  voltage  the  current  increases  with  a  de- 
crease of  gas  density  and  also  for  a  decrease  of  wire  radius. 

(8)  The  greater  the  number  of  beads  on  the  wire  the 
greater  the  current  change  per  unit  change  of  potential. 

(9)  For  all  but  the  smallest  wire  studied  the  first  corona 
discharge  takes  the  form  of  beads.  For  the  smallest  wire  the 
first  discharge  at  pressures  below  200  mm.  of  mercury  takes  the 
form  of  a  flickering  unstable  glow  traveling  along  the  wire.  This 
glow  condenses  to  small,  flickering,  and  unstable  beads  upon  a 
slight  potential  increase.  These  flickering  beads  persist  imtil 
currents  of  the  order  of  10  -*  amperes  are  obtained;  then  they 
condense  to  the  ordinary  bead  discharge. 
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CHAPTER  V 

Additional  Factors  Appecting  the  Starting  Point  and  the 
Corona  Current 

The  characteristic  and  starting  point  curves  show  the  effect  upon 
the  corona  current  of  varying  the  radius  of  the  wire  and  the  pressure 
of  the  gas.  In  addition  to  these  the  following  variables  also  affect 
the  current. 

16.  Moisture. — The  effect  of  moisture  has  been  studied  only 
when  air  was  the  dielectric.  An  arrangement  was  devised  whereby 
ah*  could  be  drawn  from  the  room  through  the  tube.  The  humidity 
of  such  air  was  given  by  calculation  from  the  readings  of  wet  and 
dry  bulb  thermometers.  Parallel  sets  of  readings  of  the  current  flow- 
ing when  dry  air  was  pumped  continuously  through  the  tube  and 
when  air  from  the  room  was  sucked  through  before  each  reading  were 
taken  from  day  to  day.  The  results  are  shown  in  Fig.  19.  These 
curves  indicate  a  regular  effect  due  to  moisture,  with  a  tendency  for 
the  decrease  of  current  by  humidity  to  be  greater  for  negative  polarity 
of  the  wire.  The  decrease  of  current  by  the  presence  of  moisture  is 
well  known ;  so  these  results  agree  with  present  knowledge. 

To  determine  whether  the  presence  of  moisture  in  the  air  has  an 
effect  upon  the  critical  voltage,  a  test  was  run  as  follows  under  a  pres- 
sure of  736  mm.  and  humidity  68.5  per  cent.  Air  was  drawn 
from  the  room  through  the  tube,  and  the  voltage  was  noted  at 
which  the  initial  jump  of  the  galvanometer  occurred  for  wire  posi- 
tive. The  positive  glow  voltage  and  the  negative  glow  voltage  were 
then  determined.  Then  dry  air  was  pumped  through  the  tube  and  the 
same  measurements  were  taken.    The  results  were : 

Wet  Air  Dry  Air 

Positive  critical  voltage    4300  4190 

Positive  glow  voltage    4350  4260 

Negative  glow  voltage  4275  4370 

The  effect  of  moisture  apparently  is  to  raise  slightly  the  starting 
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point  of  the  positive  corona,  but  the  reverse  is  true  for  the  negative 
polarity. 

The  appearance  of  the  discharge  is  also  affected  by  moisture, 
when  the  wire  is  negative.  With  moist  air  in  the  tube,  the  discharge 
begins  with  dim  spots,  and  the  discharge  is  of  no  clearly  defined 
nature,  being  a  mixture  of  sections  of  continuous  glow  and  bright 
spots  which  are  immobile. 


,^- 

M 

7 

/ 

1 

mf 

f-J 

6 

L 

f^ 

■w 

1 

1 

,mi 

-M 

5 

, 

i 

1 

' 

T 

4 

/ 

1 

f 

L 

3 

/ 

k 

1 

^ 

h 

V 

2 

/ 

// 

/ 

/A 

V 

/ 

A 

V 

. 

^ 

0     . 

'   ^ 

> 

c — a 

f      ^ 

i      ' 

I i 

L : 

'     • 

'  ' 

'  ' 

'  '\ 

'■    I 

?    . 

D/fference  /r?  /^ofenf/a//n  H/7o\/o//s 

Fig.  IP.    EiTECT  op  Humidity  upon  the  Corona  Cubbknt 


Digitized  by  VjOOQ  IC 


COBONA  DISCHABGE 


49 


4 

i 

f 

/ 

f 

J 

7 

f 

, 

0. 

f 

s 

J 

' , 

/ 

n 

// 

/ 

/ 

// 

7 

J 

% 

/ 

2 

// 

% 

/ 

I 

/^ 

f 

i 

/ 

// 

/ 

'A 

/ 

1 

y 

// 

/ 

/ 

// 

/ 

7 

^ 

'/ 

/ 

y 

^ 

^ 

x^ 

y 

* 

f 

' 

\ 

' 

9 

/ 

( 

/ 

^ 

D/ff^rence(^Porenr/o/fnM/7oi^o//s 

Fig.  20.      InFLUBNCE  op  TBMPEItATUEE  UPON  THE  CJORONA  CURRENT  AT  A  CJONSTANT 

Pressure  of  760  Millimeters 

The  effect  of  moisture  on  the  appearance  of  the  negative  dis- 
charge was  shown  by  the  following  experiment :  The  tube  was  filled 
with  moist  air,  and  a  voltage  somewhat  above  the  critical  value  was 
impressed.  A  mixed  discharge  resulted  as  was  described  in  the  pre- 
ceding paragraph ;  then  a  current  of  dry  air  was  started  through  the 
tube,  and  little  by  little  the  discharge  cleared  up  and  resolved  itself 
iuto  a  line  of  uniformly  spaced  brushes  which  were  in  continual  agi- 
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tation.    When  moist  air  was  again  admitted,  the  discharge  resumed 
its  former  character. 

With  moist  air  in  the  tube  and  a  fairly  high  potential  difference 
the  wire  vibrates  circularly  for  both  polarities,  and  describes  a  tor- 
pedo-like figure  of  revolution.  The  filling  of  the  tube  with  dry  air 
diminishes  considerably  the  amplitude  of  the  vibration  for  wire  posi- 
tive and  stops  the  vibration  entirely  for  wire  negative. 

17.  Temperature. — The  influence  of  temperature  upon  the  cur- 
rent for  a  No.  36  copper  wire  in  a  closed  tube  under  a  pressure  of 
760  mm.  was  determined  for  the  temperatures  15  degrees  C.  and  25 
degrees  C.  The  results  appear  in  Fig.  20.  The  lower  temperature 
was  obtained  by  placing  cloths  wet  with  alcohol  upon  the  tube  and 
directing  a  stream  of  air  from  a  fan  upon  it.  The  curves  indicate 
that  this  difference  of  temperature  makes  a  far  greater  difference  in 
the  current  for  wire  negative  than  for  wire  positive,  both  currents 
showing  an  increase  for  higher  temperature  as  might  be  expected. 

18.  The  Nature  of  the  Surface  of  the  Wire  and  the  Metal  of 
the  Wire. — The  fact  that  the  starting  point  of  the  negative  corona 
was  influenced  by  dust  particles  on  the  wire  suggested  that  a;  careful 
study  should*  be  made  of  the  corona  from  different  surfaces  and  from 
different  wires :  It  was  decided  to  use  wires  having  polished,  corroded, 
and  mechanically  abrased  surfaces.  The  results  will  be  shown  in  the 
following  paragraphs: 

(1)  In  the  preparation  of  the  polished  surfaces  care  was  taken 
in  choosing  wires  without  kinks  or  surface  scratches.  These  wires  were 
polished  with  fine  emery  cloth  and  finished  with  chamois  and  jeweler's 
rouge  just  before  they  were  placed  in  the  tube. 

The  abrased  surfaces  were  prepared  by  rolling  the  wire  in  emery 
powder  between  two  hard  plane  surfaces.  Care  was  taken  to  have 
the  surfaces  abrased  uniformly  over  the  whole  length. 

The  corroded  surfaces  were  prepared  by  different  methods.  The 
surface  of  the  steel  wire  was  corroded  by  a  solution  of  nitric  acid, 
which  made  a  black  surface.  The  aluminum  wire  was  corroded  by 
allowing  it  to  remain  in  a  solution  of  sulphuric  acid  for  a  few  days. 
The  result  was  a  thin  white  coating.  For  copper  it  was  necessary  to 
oxidize  the  surface  by  passing  a  heating  current  through  the  wire  in 
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the  presence  of  oxygen.  Since  ozone  is  produced  by  the  corona  dis- 
charge in  air,  the  silver  wire  was  coated  with  a  layer  of  silver  peroxide 
by  allowing  the  corona  to  play  on  the  wire  for  some  time. 

(2)     The  results  of  starting  voltages  for  different  surfaces  and 
wires  are  shown  in  Table  2. 

Table  2 

Comparison  op  Starting  Voltages  for  Different  Surfaces  and  Wires 
All  wires  about  0.41  mm.  diameter 
Copper 


Polished 

Abraaed 

Corroded 

PreM. 
mm. 

Wire 
""   Volt..    "*" 

Pit». 
mm. 

Wire 
""  Volts. 

PreM. 
mm. 

Wire 
~  Volte. 

50 
252 
731 

1  700 

2  650 
6  010 

1  780 

2  600 
5  760 

53.2 
253 
743 

1  680 

2  550 
5  600 

1  820 

2  800 
6  200 

60.3 
250 

1  650 

2  010 

1  660 

2  500 

SmL 


51.6 
252.4 
727.6 

1  710 

2  600 
5  660 

1  710 

2  600 
5960 

52.2 
253.2 
736 

1  600 

2  770 
4  560 

1  740 

2  770 
5  830 

52.3 
252 
739.4 

1  750 

2  550 
4  810 

1  700 

2  710 
5  760 

Aluminum 


60 
251 
741.1 

1  760 
2820 
5  880 

1  720 

2  900 
6  180 

1 
52 
251.5 
741 

1  660 

2  490 
5  010 

1  800 

2  900 
6  800 

51.9 
252 
745.3 

1  240 

2  370 
4  680 

1  690 

2  660 
5  880 

SlLYBB 


53.2 
252.1 

744.8 

1  850 

3  150 

4  210 

1  820 
3  050 
6  130 

52.3 
252.2 
743.2 

1  730 

2  600 
5  060 

1  740 

2  900 
5  850 

52.5 
252.2 
746 

1  850 
3  150 
6  760 

1  780 
3  000 
6  320 

The  results  shown  in  this  table  can  be  discussed  for  each  of  the  sur- 
face conditions  of  the  wire,  and  for  each  condition  three  pressures 
will  be  considered. 

(3)  The  general  appearance  of  the  corona  is  the  same  for  all 
polished  positive  wires  and  differs  only  slightly  for  negative  wires  at 
different  pressures.  At  pressures  of  nearly  50  mm.  when  the  poten- 
tial is  brought  up  to  the  glow  potential,  wire  positive,  a  very  faint 
flashing  glow  appears  over  the  whole  length  of  the  wire  and  becomes 
uniform  and  steady  as  the  potential  is  raised  slightly.  The  potential 
may  be  carried  up  to  the  arcing  point  without  changing  the  gen- 
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eral  appearance  of  the  uniform  glow.  The  only  noticeable  change 
is  an  increase  in  the  brightness  of  the  bluish  glow. 

For  pressures  of  50  mm.  and  for  negative  wire,  the  first  appear- 
ance  of  the  corona  is  a  flashing  glow,  similar  to  that  for  positive  wire 
but  of  much  greater  diameter  and  brightness.  Increasing  the  ix>tential 
causes  this  glow  to  remain  steady  on  the  wire,  to  become  uniform  and 
to  be  very  bright.  Very  little  current  flows  until  a  stage  is  reached 
not  far  above  the  starting  point,  where  the  bright  uniform  glow  breaks 
into  large,  clear,  characteristic,  negative  beads.  The  current  then 
increases  rapidly  with  the  potential.  As  the  potential  is  increased  the 
beads  increase  in  number  but  remain  large  and  well  defined. 

For  the  polished  surfaces  and  with  a  pressure  of  50  mm.  the 
negative  corona  on  copper  begins  at  a  lower  potential  than  the  posi- 
tive. Corona  appears  at  the  same  potential  for  both  polarities  in 
steel,  but  for  aluminum  and  silver  the  positive  glow  begins  at  the 
lower  potential.  Table  2  shows  no  general  law.  With  the  exception 
of  the  silver  wire  at  a  pressure  of  746  mm.  the  starting  potential  for 
the  corroded  wire  is  smaller  for  both  polarities  than  for  the  polished 
wire.  For  the  negative  abrased  wire  the  starting  point  is  in  general 
lower  than  for  the  polished  wire  with  only  two  exceptions.  With  the 
exception  of  silver  the  starting  point  of  the  abrased  positive  wire  is 
higher  than  that  of  the  polished  wire.  With  increasing  pressure  the 
differences  involved  by  abrasion  and  corrosion  diminish.  The  largest 
influence  is  found  for  aluminum  wire,  negative  corroded  at  51  nun. 

For  pressures  of  nearly  250  mm.  the  glow  for  wires  positive  is  the 
same  as  for  pressures  of  50  mm.,  being  uniform  and  increasing  in 
brightness  as  the  potential  increases.  For  wires  negative  and  pol- 
ished it  is  almost  impossible  to  break  the  glow  up  into  clear-cut  beads 
at  this  pressure.  With  increasing  potential  the  glow  becomes  brighter 
and  condenses  at  certain  ill-defined  points,  apparently  attempting  to 
form  beads,  but  these  condensed  regions  move  rapidly  back  and  forth 
along  the  wire. 

For  atmospheric  pressure,  wires  polished  and  positive,  the  glow 
appears  faint  but  uniform  and  increases  in  brightness  as  the  poten- 
tial is  increased.  For  negative  wires  a  faint  flashing  glow  appears 
at  break-down  potentials  and  increases  in  brightness  with  the  poten- 
tial increase.  A  very  few  scattered  beads  form  at  times,  but  they  are 
small  and  unstable  with  very  rapid  lateral   motion.     This  motion 
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Abraaed 


Polisbcd 
St«el  Wire.  0.28  mm.,  Diameter 
All  Wires  Negative 


Corroded 


Voltose 

Pressure 

990 

21  mm. 

1080 

25  mm. 

1400 

39  mm. 

2300 

68  mm. 

8900 

370  mm. 

Fig.  8L    A  Comparison  of  thi  Glow  on  Abrased,  Poushed,  and  Corroded 
SuRTAOis  OF  Steel  Wire 
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Enameled  PoHsbed 

German  Silver  Wire,  0.65  mm.,  Diameter 


Voltage 

ProMure 

a 

Wire  + 

1460 

2S.5  mm 

b 

Wire  + 

1700 

25.5  mm 

c 

Wire  + 

1830 

35.5  mm. 

d 

Wire  + 

2800 

91.5  mm 

e 

Wire- 

3020 

185.5  mm. 

f 

Wire  + 

4400 

185.5  mm 

c 

Wire  +,  Arc  in  Series  4460 

185.5  mm. 

Fio.  22.    A  OoMPASisoN  or  thi  Glow  on  Enamxlxd  and  Polishid  Sukfaov 
or  Qerkan  SiLyxR  Wnti 
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increases  in  amplitude  and  speed  with  increasing  voltage.  Clear  cut 
beads  over  the  whole  wire  are  impossible  here  as  in  the  last  case. 

(4)  With  wire  surface  mechanically  abrased  or  roughened  and 
pressure  of  50  mm.,  the  positive  glow  begins  with  faint  flashes  as 
vrith  the  polished  surfaces;  then  becomes  steady  and  uniform 
and  increases  in  brightness  as  the  potential  is  increased.  The 
starting  glow  voltage  is  in  general  higher  than  for  the  positive 
polished  wires,  and  is  also  higher  than  for  the  abrased  negative 
wires.  For  wires  abrased  and  negative  the  corona  begins  with  bright 
flashes  of  a  fuzzy  glow,  part  of  which  may  have  one  or  two  large 
flashing  beads.  This  flashing  glow  seems  to  pulsate  in  synchronism 
with  the  impulses  of  the  driving  machinery.  A  slight  potential  in- 
crease above  the  flrst  noticeable  glow  causes  the  glow  to  break  into 
weD-defined  beads  which  soon  become  steady  and  clear  and  which 
increase  in  number  with  a  potential  increase.  The  negative  starting 
voltage  for  abrased  wires  is  lower  than  for  the  polished  surfaces. 

For  wires  abrased  and  pressure  of  250  mm.  the  positive  visual 
glow  is  the  same  as  for  pressure  of  50  mm.  The  positive  starting 
potential  is  in  general  higher  than  for  the  negative  abrased  and  also 
positive  polished  surfaces.  The  negative  glow  voltage  causes  very 
faint  "spears'*  or  small  brushes  of  light  to  flash  from  sharp  points 
here  and  there  on  the  rough  surface.  These  spears  increase  in  size 
and  number  with  increased  potential,  some  being  much  brighter  than 
others.  As  the  potential  is  increased  these  spears  unite  into  definite, 
clear  beads  which  at  times  may  be  very  steady  and  at  other  times  may 
have  more  or  less  violent  lateral  movements.  The  negative  starting 
voltage  for  abrased  surfaces  is  much  smaller  than  for  the  polished 
surfaces. 

At  atmospheric  pressures  the  positive  glow  on  the  abrased  wire 
surfaces  usually  begins  with  a  few  small  flashing  purple  streamers 
or  brushes  extending  from  the  wire  almost  to  the  tube.  These  stream- 
ers are  similar  in  appearance  to  the  positive  fans  and  to  the  streamers 
emitted  from  the  surface  of  the  enamel  covered  wire.  Figs.  21  and  22. 
These  streamers  increase  in  brightness  and  are  accompanied  by  a  soft 
glow  as  the  potential  is  increased.  After  a  certain  increase  in  the 
voltage  has  taken  place,  these  streamers  disappear  and  only  the  uni- 
form glow  remains  and  increases  in  brightness. 

For  the  abrased  negative  wire  at  atmospheric  pressure  the  corona 
starts  with  small  flashing  spears  the  same  as  for  the  abrased  wire  at 
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250  mm.  These  spears  increase  in  number  very  rapidly  with  an  in- 
crease in  voltage,  some  of  them  collecting,  so  to  speak,  into  small 
bright  beads  and  then  breaking  up  again.  As  the  potential  continues 
to  increase,  the  beads  become  more  steady  and  definite,  so  that  at 
times  the  abrased  wire  may  be  covered  with  many  small,  bright,  steady, 
and  evenly  spaced  beads. 

(5)  The  positive  visual  corona  for  corroded  surfaces  is  essenti- 
ally the  same  for  all  pressures  as  has  been  described  for  the  abrased 
surfaces.  At  low  pressures  it  begins  with  a  faint  flashing  glow  which 
becomes  steady  and  uniform  and  which  increases  in  brightness.  At 
pressures  of  250  mm.  the  appearance  is  the  s^me  as  described  for  the 
abrased  surfaces,  and  for  atmospheric  pressure  the  corona  may  start 
with  the  small  purple  brushes  or  fans  and  an  accompanying  flow, 
the  fans  soon  disappearing  and  the  glow  becoming  uniform  and  in- 
creasing in  brightness.  The  positive  glow  generally  begins  at  lower 
voltages  for  the  corroded  surfaces  than  for  the  polished  surfaces. 

The  negative  visual  corona  for  the  corroded  surfaces  is  likewise 
similar  to  that  for  abrased  surfaces  at  different  pressures.  Clear  cut 
and  steady  beads  are  obtained  at  the  lower  pressures  but  are  not  so 
stable  for  the  higher  pressures.  In  general  the  negative  starting 
voltage  is  lower  than  for  polished  surfaces. 

(6)  In  order  to  show  a  few  results  photographically  a  wire  hav- 
ing one-third  of  its  length  polished,  one-third  corroded,  and  one-third 
mechanically  abrased  was  placed  in  a  tube  with  a  longitudinal  slot, 
and  photographs  were  taken  when  the  corona  was  on  the  wire.  Pig. 
21  contains  photographs  of  the  negative  wire,  the  left  end  being 
abrased,  the  center  polished,  and  the  right  end  chemically  corroded. 

These  photographs  show  that  the  beads  begin  on  the  polished 
surface,  that  the  corroded  surface  shows  no  glow,  and  that  the  abrased 
surface  has  only  a  slight  brush  discharge  on  it.  The  beads  on  the 
polished  surface  are  very  large,  clear,  steady,  and  evenly  spaced. 
Fig.  21,  6  shows  the  effect  of  a  slight  increase  in  voltage  where  the  glow 
now  appears  on  the  corroded  surface  and  the  beads  begin  to  form  on 
the  abrased  surface.  Gradually  increasing  the  voltage  and  the  pres- 
sure as  well  causes  the  glow  to  become  brighter  on  the  polished  sur- 
face and  the  beads  to  increase  in  number  on  the  abrased  and  cor- 
roded surfaces.  The  beads  on  the  abrased  portion  have  a  lateral  move- 
ment, while  those  on  the  polished  part  are  still  very  steady  and  dear. 
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With  a  still  greater  increase  in  pressure  and  voltage  it  is  possible 
to  reach  a  condition  where  the  whole  length  of  the  wire  is  covered 
with  dear,  steady,  and  evenly  spaced  beads  (Pig.  21,  c).  Here  it 
seems  that  the  surfaces  all  act  very  nearly  the  same  in  the  formation 
and  building  of  the  corona  discharge. 

When  the  pressure  is  increased  to  370  mm.  and  the  voltage  is 
sufficiently  high  to  produce  the  discharge,  the  corona  starts  first  on 
the  abrased  portion  and  only  on  this  part  can  steady,  clear  beads  be 
obtained  (See  Pig.  21,  e).  The  beads  on  the  corroded  part  are  fairly 
well  defined,  but  they  are  in  an  agitated  state.  Under  these  conditions 
it  is  found  impossible  to  get  steady  beads  on  the  polished  part  of  the 
wire;  instead  of  the  clear  beads  there  is  a  rather  knobby  glow  on  the 
wire,  the  condensations  in  which  seem  to  be  beads  trying  to  form. 

This  reversal  of  the  phenomena,  the  clear  beads  forming  on  the 
polished  surface  at  low  pressures  and  on  the  abrased  surface  at  high 
pressures  as  shown  in  Pig.  21,  actually  occurred  for  steel  wire.  The 
corona  starts  first  on  the  polished  wire  for  low  pressure  and  begins 
on  the  abrased  or  corroded  wire  at  much  lower  potentials  for*  high 
pressures. 

An  enameled  german  silver  wire  was  fitted  into  the  tube  after  half 
of  its  length  had  been  freed  from  the  enamel  and  polished.  At  low  pres- 
sures for  the  i)ositive  wire  the  characteristic  glow  appeared  on  the 
polished  end.  The  enameled  end  had  several  small  starlike  spots  of 
light  which  were  irregularly  distributed  and  which  appeared  at  points 
where  the  insulation  had  failed.  Keeping  the  wire  positive  and  in- 
creasing the  voltage  caused  very  bright  "streamers"  of  purple  light 
to  shoot  from  a  few  of  these  small  stars.  At  higher  pressure  and 
higher  voltage  these  streamers  increased  greatly  in  number,  the  glow 
spreading  out  into  a  thin  fan-shape.  This  fan  slowly  oscillated  about 
the  bright  spot  on  the  wire  as  a  center.  Between  the  fans  a  hazy 
fog-Hke  glow  was  present.  When  an  arc  was  placed  in  series  with 
the  wire  and  the  tube,  this  fog  disappeared  and  the  fans  became  more 
sharply  defined  and  steadier  than  they  were. 

Por  the  wire  negative  (see  Pig.  22,  e)  it  was  not  possible 
mider  any  conditions  to  get  the  characteristic  negative  beads  nor 
eould  a  glow  be  produced  on  the  polished  end.  The  only  discharge 
present  was  on  the  enameled  end  and  was  similar  in  appearance  to 
the  small  stars  for  the  positive  wire.  Por  the  negative  wire,  how- 
ever, the  stars  were  intensely  bright  and  in  slight  movement.    Pig. 
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Fio.  23.    Structure  of  the  Positive  Purple  Fans,  under  CJonditions  given  in 

Fig.  22. 
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22  shows  the  appearance  of  the  discharge  from  the  enameled  wire 
when  it  is  both  positive  and  negative.  Pig.  23  gives  details  of  the 
structure  of  the  positive  purple  fans.  For  the  enameled  wire  nega- 
tive the  starting  potential  was  much  lower  than  for  the  opposite 
polarity. 

(7)  The  curves  in  Pig.  24  are  taken  for  varying  sizes  and  differ- 
ent surfaces  of  copper  wire. 

In  e,  Pig.  22,  the  surprising  fact  is  shown  that  the  negative 
discharge  passes  through  the  enameled  part  of  the  wire,  while  the 
free  metal  surface  shows  no  trace  of  a  glow.  The  curves  show 
that  the  effect  of  abrasion  in  general  lowers  the  starting  point 
for  copper  wires  at  atmospheric  pressure.  The  curves  for  the 
negative  abrased  wire  are  widely  displaced  from  those  of  the  pol- 
ished wire;  thus  it  is  shown  more  current  flows  in  the  corona  dis- 
charge for  the  same  voltage  for  wire  abrased  than  for  the  smooth  wire. 
The  curves  showing  the  discharge  for  the  positive  abrased  wire  quickly 
cross  those  for  the  polished  wire  and  then  continue  to  rise  slightly  dis- 
placed, less  current  flowing  for  the  same  potential  abrased  than  for 
polished.  The  abrased  surface  has,  thus,  the  effect  of  restraining  the 
flow  of  the  positive  current. 

The  effect  of  abrasion  is  much  greater  in  the  negative  than  in 
the  positive  current.  The  curves  also  show  that  this  effect  is  greater 
for  the  larger  wires,  as  might  be  expected.  The  higher  starting 
potential  for  the  larger  wires  is  also  evident. 

The  negative  current  builds  up  very  slowly  at  flrst  on  the  pol- 
ished surface  but  finally  reaches  a  point  where  it  builds  up  much 
faster  than  the  positive,  and  at  this  point  the  beads  are  formed.  The 
starting  voltage  for  the  abrased  surface  negative  is  much  lower  than 
for  polished  surface  negative.  The  characteristic  curve  of  the  abrased 
wire  is  a  smooth  rising  one  which  eventually  crosses  the  polished 
negative  curve  for  large  current  values.  This  same  phenomenon  has 
been  observed  for  different  metals. 

Pig.  25  gives  the  characteristic  positive  and  negative  curves  for 
aluminum  wires  at  about  50  mm.,  and  shows  the  effect  of  the  three 
surface  conditions, — namely,  polished,  abrased,  and  corroded.  The 
starting  positive  wire  voltage  for  the  smooth  surface  is  slightly  lower 
than  that  of  the  negative,  but  the  curves  cross  low,  the  positive  cur- 
rent building  up  slowly  with  increased  potential  while  the  negative 
curve  is  almost  a  straight  line  which  rises  very  rapidly.    The  positive 
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starting  potential  is  higher  for  the  abrased  surface  than  for  the 
polished,  while  that  for  the  negative  abrased  surface  is  lower.  The 
negative  polished  and  abrased  surface  curves  cross,  but  the  positive 
do  not.  For  the  corroded  surface  the  positive  glow  voltage  is  about 
the  same  as  for  the  polished  surface,  the  curve  for  the  former  condi- 
tion becoming  displaced  shortly,  less  current  flowing  for  the  same 
voltage.  The  negative  starting  potential  is  very  much  lower  in  the 
latter  case  than  that  for  the  polished  surface,  but  crosses  at  a  low 
current  value  and  rises  to  the  right,  less  current  flowing  for  the  same 
potential. 

Thus  it  is  seen  that  the  surface  condition  has  a  very  marked 
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Pio.  26.    A  Comparison  of  the  Characteristic  Curves  Series  or  Diptbrent 

Metals 
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effect  on  the  starting  point  of  the  corona  as  well  as  on  the  character- 
istic curves.  All  the  wires  were  about  0.41  mm.  in  diameter.  In 
general  the  abrased  surface  has  the  effect  of  lowering  the  starting 
potential  for  negative  wire  and  raising  it  for  positive  wire.  The  start- 
ing point  for  both  positive  and  negative  corona  in  the  case  of  corroded 
wires  is  in  general  lower  than  that  for  the  polished  surfaces,  but  the 
corroded  surface  characteristics  behave  in  rather  an  erratic  manner, 
sometimes  being  displaced  in  one  way  and  sometimes  in  the  opposite. 

Table  3  gives  a  comparison  between  the  corroded  and  polished 
wire  characteristics  for  both  positive  and  negative  surfaces  at  dif- 
ferent pressures.    . 

The  curves  in  Fig.  26  show  a  comparison  between  the  character- 
istics of  different  metals.  Very  marked  differences  are  evident  in  the 
characteristic  curves  and  show  directly  that  the  metal  itself  has  a 

Table  3 
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part  to  play  in  the  corona  formation.  The  positive  and  negative 
characteristics,  especially  for  aluminum,  become  widely  separated  for 
large  currents.  The  curves  for  the  other  metals  separate  at  different 
rates  for  increasing  current  values,  but  in  such  a  manner  that  each 
metal  behaves  in  its  own  characteristic  way. 

Slight  diflferences  in  the  starting  points  for  the  diflferent  metals 
were  noticed;  these  differences,  however,  are  of  such  a  nature  that 
they  cannot  be  explained  as  being  experimental  errors.  Steel  and 
copper  seem  to  have  about  the  same  starting  point,  while  that  for 
aluminum  is  a  little  higher  and  silver  has  a  value  still  greater.  The 
different  metals  not  only  affect  the  behavior  of  the  characteristic 
curves  but  also  the  starting  points  of  the  corona  glow. 

The  formation  and  number  of  the  negative  beads  depend  not 
only  on  the  pressure  and  potential,  but  also  on  the  surface  condition 
and  the  material  of  the  wire.  The  current  per  bead  is  larger  for  the 
abrased  and  corroded  surfaces  than  for  the  polished  surface,  with  the 
assumption  that  the  whole  current  is  to  be  carried  by  the  beads.  For 
an  increase  in  pressure  it  is  also  seen  that  the  current  per  bead  is 
much  less  for  the  polished  surface  than  for  the  others,  but  the  beads 
are  smaller  in  size.  For  the  higher  pressures  it  takes,  however,  a 
larger  voltage  to  produce  the  same  number  of  beads.  For  the 
lower  pressures  the  beads  have  about  the  same  degree  of  stability 
for  all  the  different  surfaces,  while  for  higher  pressures  the  beads 
are  more  stable  on  the  abrased  or  corroded  surfaces  than  on  the 
polished,  it  being  almost  impossible  to  get  definite  beads  on  the 
polished  wire  for  atmospheric  pressures. 

The  number  of  beads  increases  rapidly  with  increasing  voltage. 
Here  again  the  effect  of  the  materials  is  compared.  For  the  produc- 
tion of  the  same  number  of  beads  it  takes  in  general  a  greater  voltage 
on  the  steel  than  on  the  copper  and  aluminum  wires. 
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CHAPTER  VI 

Alternating  Current  Rectification 

19.  Suggested  by  a  Comparison  of  the  Air  and  Hydrogen 
Characteristic  Curves. — Fig.  9  shows  that  the  discharges  through  air 
and  hydrogen  were  very  similar  in  so  far  as  the  variation  between 
critical  voltage  and  radius  and  pressure  are  concerned.  The  curves 
in  Fig.  27  show  clearly  the  difference  between  the  corona  in  air  and 
in  hydrogen.    The  two  curves  on  the  left  side  of  the  figure  refer  to 
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hydrogen,  while  the  curves  on  the  right  show  results  obtained  with 
air.  The  data  for  these  curves  were  obtained  with  wires  of  approxi- 
mately the  same  diameter.  These  curves  show  two  distinct  differ- 
ences between  corona  in  air  and  in  hydrogen. 

In  air  the  positive  corona  starts  at  a  lower  voltage  than  the  nega- 
tive, while  the  reverse  is  true  when  the  dielectric  is  hydrogen.  The 
other  and  more  important  difference  is  the  entire  dissimilarity  of  the 
positive  and  negative  curves  with  hydrogen.  This  difference  has 
aot  been  found  with  air.  A  single  glance  at  this  curve  shows  that 
corona  in  hydrogen  between  a  wire  and  a  tube  is  an  effective  means 
of  accomplishing  rectification.  This  statement  is  true  since  large 
currents  may  be  obtained  from  a  negative  wire  with  voltages  which 
will  give  little  or  no  current  from  a  positive  wire.  This  rectification 
may  be  accomplished  with  the  wire  cold  and  is  not  a  case  of  rectifica- 
tion by  means  of  a  hot  cathode.  The  principal  of  electron  emission 
from  a  hot  cathode  might  be  used,  however,  in  connection  with  the 
corona  rectification. 

20.  Description  of  Apparatus  and  Tests. — To  show  that  recti- 
fication was  possible  the  corona  tube  was  connected  to  an  alternating 
source  of  voltage.  A  sensitive  oscillograph  element  was  connected 
directly  in  series  with  the  corona  tube  and  another  element  was  con- 
nected across  the  primaries  of  the  transformers.  A  diagram  of  the 
connections  is  shown  in  Fig.  28. 

21.  Oscillograms  and  Their  Interpretation, — Fig  29  gives  the 
current  and  voltage  curves  when  an  alternating  voltage  is  impressed 
across  a  corona  tube.  The  curve  having  both  positive  and  negative 
lobes  represents  the  voltage.  The  non-symmetrical  character  of  this 
curve  is  due  to  the  drop  in  the  resistance  in  series  with  the  prima- 
ries of  the  transformers.  The  curve  lying  mainly  below  the  axis 
represents  the  current  flowing  between  the  wire  and  tube.  The  part 
of  this  curve  slightly  above  and  slightly  below  the  axis  is  of  the  same 
shape  and  order  of  magnitude  as  the  charging  current  of  the  con- 
denser formed  by  the  wire  and  cylinder.  This  fact  was  determined 
by  an  oscillogram  taken  at  a  voltage  slightly  less  than  that  necessary 
to  form  corona. 

The  voltage  at  which  negative  corona  starts,  as  shown  in  this 
oscillogram,  is  approximately  twice  the  voltages  acroj^s  the  tube  at  the 
instant  that  the  discharge  ceases. 


Digitized  by  VjOOQ  IC 


66 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


The  rectification  with  corona  in  hydrogen  is  practically  perfect  as 
is  shown  by  the  oscillograms  in  Figs.  29  and  30. 

In  an  investigation,  interrupted  by  the  World  War,  J.  W.  Davis 
has  shown  that  alternating  currents  may  be  perfectly  rectified 
up  to  42,000  volts  made  effective  by  means  of  the  corona  in  hydrogen. 
The  rectification  is,  however,  not  of  very  high  eflSciency  as  a  large  part 
of  the  energy  is  transformed  into  heat  in  the  corona  tube.  For  a 
given  gas  pressure  the  maximum  voltage  which  may  be  rectified  or, 
in  other  words,  the  voltage  at  which  the  a  it-  sets  io  between  the 
coaxial  cylinders  is  nearly  directly  proportional  to  the  radios  of  the 
outer  cylinder,  when  the  radius  of  th<^  inner  cylinder  is  small  com* 
pared  with  that  of  the  outer  cylinder.  In  order  to  improve  the  ef- 
ficiency of  the  rectification  the  centrtjl  wire  was  heated*  An  incan- 
descent wire  gave  .rise  to  the  corona  dlsi^harg^e  at  voltages  much  lower 
than  those  necessary  to  start  a  discharjre  from  a  cold  wire.  The  initial 
state  of  ionization  around  the  wire  hiis  a  very  marked  effect  on  the 
critical  corona  voltage.  When  the  cential  wire  is  heated  to  incandes- 
cence and  then  the  high  voltage  applied,  the  temperature  of  the  wire 
will  change  very  much,  especially  towards  the  ends  where  the  wire 
appears  almost  dark,  while  in  the  middle  the  temperature  may  fall 
to  that  of  dull  red  heat.  This  fall  of  leuiperature  is  undoubtedly  due 
to  the  wind  set  up  in  the  corona.  Fi^.  31,  from  Davis'  unpubli^ed 
paper,  will  show  a  rectification  at  42,000  volts. 
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Fig.  31.    Oscillogram  Showing  Rectification  at  42,000  Volts 
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CHAPTER  VII 

DiSTRrBUTION    OF   PoTEKTlAL   IN   THE    COEONA   TUBE 

In  order  to  develoj>  any  complete  corona  theory  a  knowledge  of 
the  distribution  of  the  potential  Ijotween  the  electrodes  is  necessary. 
The  distribution  of  potential  between  the  wire  and  the  coaxial  cyl- 
inder was  investigated  in  the  following  manner. 

22.  Method  and  Apparatus. — A  hole  was  drilled  in  the  side  of 
a  O'Under,  and  an  insulated  wire  terminating  in  a  bare  spherical  tip 
was  arranged  so  that  it  could  be  moved  radially  between  the  wire 
and  the  tube.  A  ojirrometer  mJcioscope  directed  on  a  fixed  point  of 
the  movable  wire  served  to  determine  the  relative  position  of  the 
point.  An  electrostatic  voltmeter  of  small  capacity  was  connected 
in  series  with  the  exploring  point  and  the  tube. 

Wlien  the  point  was  moved  U\  any  position  in  the  radial  field, 
the  voltmeter  quickly  showed  a  eonKtant  deflection  and  indicated  that 
the  potential  of  the  point  was  In  e(|ailibrium  with  that  of  the  field 
at  that  particular  place.    By  moving  the  exploring  point  from  the  tube 
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to  the  wire  and  observing  the  voltmeter  readings  at  certain  intervals, 
one  obtained  a  comparatively  accurate  estimate  of  the  intensity  of  the 
field.  The  apparatus  and  connections  are  shown  in  Fig.  32.  The  tube 
used  in  this  investigation  was  35.5  cm.  long  and  7  cm.  in  diameter. 
The  wire  was  copper,  well  polished,  and  stretched  tightly.  In  all, 
four  wires  were  used.  No.  40,  No.  32,  No.  28,  No.  20,  B.  &  S.  gage. 
Since  it  was  necessary  to  work  at  pressures  lower  than  atmospheric, 
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Fig.  33.    Repbesentative  Curves  Showing  Distribution  of  Potential 
IN  THE  Corona  Tube 
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a  glass  tube  was  sealed  over  the  exploring  rod  and  arranged  with 
ground  points  and  springs  so  that  the  point  might  move  at  will  with- 
out destroying  the  constant  pressure. 

23.  Results  Obtained. — By  this  method,  curves  were  taken  for 
various  pressures  and  voltages  after  the  appearance  of  the  corona. 
Representative  curves  are  shown  in  Fig.  33,  and  the  conditions  under 
which  each  curve  was  taken  are  given  in  Table  4. 

For  the  smaller  wires  it  was  found  difficult  to  obtain  data  for 
curves  when  the  wire  was  negative,  because  the  voltmeter  would  not 
come  to  rest  and  give  a  definite  reading.  For  a  No.  32  wire,  when  the 
wire  was  negative,  two  curves  shown  in  Fig.  33C  were  taken  before 
the  corona  appeared,  also  a  portion  of  a  curve  for  a  voltage  at  which 
there  was  a  distinct  series  of  beads  along  the  wire. 

Curves  were  also  obtained  for  No.  28  and  No.  20  wire  when  the 
wires  were  negative,  the  same  general  characteristics  being  exhibited 
in  each. 

Curve  4,  Fig,  33J5,  shows  the  distribution  of  potential  as  given 
by  electrostatic  theory.  This  theory  assumed,  of  course,  that  there 
are  no  charges  in  motion  in  the  gas :  that  is,  that  there  is  no  current. 
It  is  seen  that  the  actual  distribution  is  very  different  from  what  it 


Table  4 
Table  op  Data  for  Curves 


Rfur* 

Curve 

Wire 
B.AS. 
Gftge 

Voltace 

/  Amperes 

P  Mm.  of  Hg. 

Temp. 
C. 

Remarks 

33il 

1 

32 

0  510 

4.17.10—8 

747 

25« 

No  ^ow 
Distinct  glow 

2 

32 

6  825 

1.91.10— « 

747 

26» 

3 

32 

7  425 

1.91. 10-« 

747 

26» 

Good  glow 

4 

-     32     . 

8  400 

6.94. 10-» 

747 

26» 

Good  glow 

5 

32 

0  900 

9.54.10-6 

747 

26' 

Bright  glow 

33B 

1 

32 

6825 

1.91.10— « 

747 

26«» 

Distinct  glow 

2 

32 

6  825 

2.03. 10-* 

241 

24« 

Briftht  glow 
Brilliant  glow 

3 

32 

6  825 

3.46.10—* 

885 

240 

4 

32 

6  825 

Eleciroetatic 

curve 

33C 

1 

32 

5  050 

1.79.10-8 

744 

26'* 

No  glow 

2 

32 

5  650 

2.39.10— « 

744 

26« 

A  few  dull  beads 

3 

32 

7  250 

3.10. 10-« 

744 

26« 

Beads  1  cm.  apart 

332) 

1 

40 

4  520 

4.77.10-8 

740 

22* 

No  glow 
Distmct  glow 

2 

40 

4  700 

1.19.10— « 

740 

22*» 

3 

40 

6  500 

2.26.10-4 

740 

22* 

Good  glow 

4 

40 

8  400 

8.29.10-4 

740 

22* 

Good  glow 

5 

40 

9  900 

1.67. 10-* 

740 

22*» 

Brilliant  glow 

6 

40 

8  400 

Eleciroetatic 

curve 
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would  be  if  there  were  no  current.    The  detailed  discussion  of  the 
curves  will  be  considered  under  the  two  polarities. 

In  general  for  the  positive  wire  the  space  between  the  anode  and 
the  cathode  may  be  broken  up  into  four  regions  : 

(1)  A  region  immediately  surrounding  the  wire,  which 
is  characterized  by  a  very  large  potential  gradient.  This  gradi- 
ent may  be  due  to  the  excess  of  the  number  of  ions  or  electrons 
approaching  the  electrode  over  the  number  of  those  leaving, 
since  the  former  number  includes  ions  generated  at  all  parts  of 
the  field ;  whereas  the  latter  contains  only  ions  that  are  generated 
in  the  narrow  layer  close  to  the  wire.  It  is,  therefore,  evident 
that  the  charges  on  the  excess  of  negative  ions  near  the  wire 
disturb  the  electric  field  so  that  the  potential  diflference  per 
centimeter,  or  the  gradient,  is  large  near  the  surface  of  the  wire. 

(2)  A  region  of  approximately  constant  force  extending 
from  the  ''surface  layer"  region  adjacent  to  the  wire  to  a  point 
which  varies  with  the  pressure,  current,  and  voltage.  At  the 
higher  voltages,  the  actual  potential  at  a  given  point  in  this 
region  is  greater  than  the  theoretical  electrostatic  potential,  and 
the  tangent  to  the  curve  may  be  either  greater  or  less. 

(3)  A  region  of  little  or  no  force  near  the  tube,  but  not 
touching  it. 

(4)  A  region  adjacent  to  the  tube,  where  positive  charges 
accumulate  and  form  an  abrupt  cathode  drop  of  potential. 

When  the  wire  is  negative  and  corona  appears,  a  potential  curve 
is  obtained  which  differs  somewhat  from  the  positive  curves.  Large 
cathode  and  anode  drops  appear,  and  the  intervening  space  has  a 
very  small  field.  Reasoning  similar  to  that  which  explains  the  shape 
of  the  curves  when  the  wire  is  positive  explains  the  negative  curves. 

So  in  general,  the  anode  and  cathode  drops  of  potential  are  pre- 
dominant in  both  types  of  curves.  There  are  several  reasons  for  this  : 
namely, 

(1)  Polarization  potential  between  a  metal  and  a  gas. 

(2)  Accumulation  of  ions. 

(3)  Reflection  of  ions. 

(4)  Different  velocities  of  positive  and  negative  ions. 

(5)  A  non-uniform  field. 


Digitized  by  VjOOQ  IC 


CORONA  DOSOHABGE 


73 


For  a  sjrstem  where  the  potential  at  a  point  is  due  to  moving 
charges  as  well  as  static  charges,  there  is  Poisson's  equation  express- 
ing the  density  in  terms  of  the  potential 

A«7  =  -iirp, 
or,  expressed  in  cylindrical  coordinates, 


I  BV  .     I  SW  .    S'V 


r  Sr"^  r^  6^2 


■*"  Sz^  ~ 


Airp 


For  this  particular  case,  the  derivatives  in  z  and  4>  are  zero;  so 
rewriting  this  equation  and  using  total  derivatives  gives 


d^V  ,\dV  .  Id/  dV\ 


(8) 


Since  the  density  is  an  undetermined  function  of  the  radius, 
the  equation  cannot  be  integrated  directly.  If,  however,  the  potential 
is  plotted  against  the  distance  from  the  axis,  a  graphical  method  will 
aid  in  the  determination  of  the  density ;  that  is,  if  the  first  derivative 
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of  the  potential  is  determined  from  the  curve  for  a  series  of  values 
of  r,  these  new  values  may  be  plotted  against  the  radius  again.  Ee- 
peating  this  process  with  the  derived  curve  gives  a  relation  between 
the  second  space  derivative  and  the  radius.  From  these  two  derived 
curves,  then,  the  density  may  be  computed  according  to  equation  (8). 

Fig.  34  is  a  curve  of  the  same  type  as  curve  4  in  Fig.  33A,  and 
Fig.  35  shows  the  density  as  computed  for  the  different  values  of  r. 

The  density  curve  shows  that  which  was  deduced  intuitively  in 
regard  to  the  changes  necessary'  to  produce  the  observed  distortion 
of  the  field.  The  large  resultant  negative  charge  near  the  positive 
wire  and  the  positive  charge  near  the  negative  tube  should  be  expected. 
A  peculiar  maximum  appears  about  2.7  cm.  from  the  wire. 

Sources  of  error  are  found  in  the  potential  assumed  by  a  sphere 
in  an  ionized  gas.  It  is  diflScult  to  draw  conclusions  concerning  the 
absolute  potential  of  a  sphere  in  a  conducting  gas,  since  it  is  very 
likely  that  the  potential  at  an  undisturbed  point  in  a  gas  is  not  the 
same  as  the  potential  assumed  by  a  sphere  when  its  center  is  at  this 
point. 

In  a  sphere  near  the  positive  electrode,  the  potential  being  initi- 
ally the  same  as  that  of  the  gas,  two  streams  of  ions  move  in  opposite 
directions  past  the  side  of  the  sphere,  one  containing  a  large  number 
of  negative  ions  and  the  other  a  smaller  number  of  positive  ions.  The 
sphere  intercepts  more  negative  ions  than  positive  so  that  its  poten- 
tial falls  below  that  of  the  surrounding  gas.  The  charge  thus  ac- 
quired by  the  sphere  increases  until  the  effect  which  it  produces  in 
attracting  positive  and  repelling  negative  ions  causes  them  to  come 
in  contact  with  the  sphere  in  equal  numbers.  The  final  value  of  the 
potential  assumed  by  the  sphere  is  too  high  by  an  amount  which 
depends  upon  the  relative  velocities  of  the  positive  and  negative  ions. 

Conversely,  when  the  exploring  sphere  is  close  to  the  n^ative 
electrode,  there  is  a  greater  number  of  positive  than  negative  ions 
intercepted  so  that  the  potential  of  the  sphere  rises  above  the  poten- 
tial of  the  undisturbed  gas,  until  finally  an  equilibrium  is  reached. 
The  number  of  positive  charges  acquired  by  the  sphere  is  equal  to 
the  number  of  negative  charges;  thus  the  potential  assumed  by  the 
sphere  is  greater  than  that  of  the  undisturbed  gas.  If,  however,  the 
velocity  of  the  positive  ions  is  approximately  equal  to  that  of  the  nega- 
tive ions,  the  exploring  point  should  attain  very  nearly  the  same  poten- 
tial as  that  of  the  surrounding  gas.    For  the  pressures  used  in  this 
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series  of  experiments,  the  velocities  of  the  ions  are  nearly  the  same. 
The  error  introduced  could  not,  therefore,  have  been  very  great. 

A  slight  error  might  be  introduced  if  there  were  an  appreciable 
voltmeter  leakage  between  the  point  and  the  power  line.  The  shape 
of  the  point  also  affects  that  of  the  potential  curve  to  %  small  degree. 
The  voltmeters  used  were  practically  free  from  leakage,  and  the  work 
was  done  during  cold,  dry  weather ;  so  the  error  introduced  from  this 
cause  is  negligible. 
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CHAPTER  VIII 
The  Pressure  Increase  in  the  Corona 

Dr.  S.  P.  Parwell  was  the  first  investigator  to  discover  that  at 
the  instant  the  corona  appeared  on  the  wire  the  gas  pressure  in  the 
corona  tube  increased.  The  increase  appears  very  suddenly  and  also 
disappears  very  rapidly.  For  these  reasons  all  the  experimenters 
working  in  this  laboratory  have  maintained  that  the  pressure  in- 
crease could  not  be  due  to  heat.  It  has  been  suggested  that  it  might 
possibly  be  due  to  ionization.  This  assumption  is  a  possible  conse- 
quence of  the  present  theories  of  the  corona,  which  assume  it  to  be 
an  ionization  phenomenon.  These  theories  assume  that  the  high 
potential  differences  cause  the  few  ions  which  are  always  present  in 
a  gas  to  move  with  a  velocity  sufficiently  great  to  break  the  molecules 
with  which  they  collide  into  two  parts,  one  bearing  a  positive  and  one 
a  negative  charge.  All  these  charged  particles  then  move,  because  of 
the  influence  of  the  field,  toward  one  or  the  other  of  the  terminals. 
The  presence  of  these  ions  thus  explains  the  conductivity  of  the  gas, 
and  the  acceleration  of  the  ions  explains  the  light  effect.  If  the 
corona  is  an  ionization  phenomenon  one  would  expect,  provided  the 
corona  apparatus  were  enclosed,  at  the  instant  the  corona  appeared; 
i.  e.,  at  the  instant  the  molecules  were  broken  into  ions,  that  the  pres- 
sure in  the  apparatus  would  increase,  because  according  to  kinetic 
theory  the  greater  the  number  of  particles  in  a  given  volume  the 
greater  the  pressure.  Under  certain  circumstances  the  pressure  in- 
crease can  amount  to  as  much  as  3  cm.  of  mercury. 

Professor  Kunz  (9),  by  theoretical  considerations,  has  shown 
that  this  increase  in  pressure  should  be  exactly  proportional  to  the 
corona  current. 

Other  investigators  (10)  have  contended  that  the  pressure  in- 
crease could  be  completely  accounted  for  as  the  result  of  Joule's  heat 
and  that  the  assumption  that  it  is  due  to  ionization  is  untenable.  To 
support  this  contention  Arnold  performed  experiments  ''by  elec- 
trically heating  the  central  wrc  in  apparatus  similar  to  Farweirs'' 
and  observed  the  pressure  increase.  With  such  an  apparatus  Arnold 
attempted  to  show:  (1)  that  an  increase  in  pressure  due  to  heat  ap- 
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Pic.  36.  Apparatus  for  Study  of  the  Pressure  Increase  in  the  Corona  Tube 
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pears  suddenly,  and  (2)  that  for  a  given  power  consumed  in  the  tube 
the  increase  in  pressure  due  to  heat  is  of  nearly  '  *  the  same  magnitude 
as  those  observed"  in  the  corona. 

In  order  to  show  clearly  that  the  pressure  increase  is  not  due 
to  heat  a  series  of  comparative  experiments  was  performed  with  the 
pressure  increase,  caused  (1)  by  producing  the  corona  glow  on  the 
wire,  and  (2)  by  heating  the  central  wire.  The  pressure  increase 
observed  in  the  first  set  of  experiments  will  be  referred  to  as 
caused  by  corona  and  in  the  second  set  as  caused  by  heat.  A  few 
computations  have  also  been  made  which  strengthen  the  results  of 
these  experiments. 

Since  the  conception  of  ionization  is  so  intimately  associated 
with  the  idea  of  increase  in  pressure,  it  seemed  important  to  deter- 
mine the  laws  relating  to  this  siidden  increase  in  pressure  to  the 
corona  current. 

24.  Apparatus, — To  the  corona  tube  was  soldered  a  small  T  tube, 
one  side  of  which  was  joined  to  the  vacuum  pump  and  the  other  side 
was  connected  to  a  Bristol  aneroid  pressure  gage   (see  Pig.  36). 

The  increase  in  pressure  was  measured  by  this  Bristol  gage.  Any 
increase  in  pressure  caused  it  to  bend  slightly  and  to  rotate  the 
mirror.    When  the  deflection  of  a  beam  of  light  was  seen  over  a  scale, 
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Pig.  37.    Dugram  op  Connections  op  Apparatus  por  the  Determination  of 
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which  had  previously  been  calibrated  by  reading  simultaneously  the 
deflected  beam  and  a. water  manometer  connected  directly  to  the  gage, 
the  increase  in  pressure  in  centimeters  of  water  could  be  determined. 
The  advantage  of  such  a  pressure  measuring  instrument  in  this  ex- 
periment is  its  very  quick  action.  The  instant  the  pressure  increases 
the  gage  jumps  to  its  new  position  and  a  reading  may  be  taken  in  a 
very  few  seconds.  It  was  necessary  to  read  this  pressure  increase 
quickly,  because  if  much  time  was  required  the  heating  effect  of  the 
current  would  increase  the  pressure. 

The  current  was  measured  by  a  Type  H  d'Arsonval  galvano- 
meter.   The  apparatus  was  connected  as  is  shown  in  Fig.  37. 

25.  Experimental  Results, — The  results  obtained  from  pressure 
increase  in  the  corona  were  as  follows: 

(1)  One  who  sees  this  pressure  increase  as  recorded  by  a  quick- 
acting  pressure  meter  thinks  it  is  not  a  heat  effect,  because  of  the 
rapidity  with  which  it  appears  and  disappears.  Arnold  showed  that 
the  pressure  increase  occurred  very  rapidly  when  caused  by  heat 
The  following  curves  show  the  difference  in  the  rapidity  in  appear- 
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ance  and  disappearance  of  the  pressure  increase  caused  by  heat  and 
that  caused  by  corona.  It  will  be  noticed  in  Fig.  38,  where  the  pres- 
sure increase  was  caused  by  heating  the  central  wire,  that  fifteen  sec- 
onds were  required  for  the  pressure  to  come  to  its  Tnaximuni  value,  and 
that  from  the  time  the  current  was  broken  twenty-five  seconds  were  re- 
quired for  the  pressure  to  return  to  practically  its  original  value.  In 
Pig.  39,  however,  where  the  pressure  increase  was  caused  by  corona, 
only  three  seconds  were  required  for  the  maximum  pressure  to  be  at- 
tained and  the  pressure  came  to  practically  its  original  value  in  eight- 
een seconds.  In  this  last  case  from  the  appearance  of  the  phenomenon, 
it  seems,  if  the  aneroid  pressure  meter  had  less  inertia,  that  the  pres- 
sure  increase  could  be  determined  in  less  than  three  seconds.  These 
carves  show  that  the  pressure  increase  appears  five  times  as  rapidly 
when  caused  by  corona  as  when  caused  by  heat  and  disappears  also 
more  rapidly. 
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(2)  In  the  pressure  increase  due  to  corona,  a  short  time  inter- 
val of  five  to  seven  seconds  occurs  after  the  sudden  increase  of  pres- 
sure, before  the  heat  effect  in  the  corona  begins  to  be  noticed.  This 
fact  is  shown  in  Pig.  40  by  an  abrupt  bend,  a,  in  the  curve  where 
the  pressure  increase  is  plotted  against  time.  No  such  bend  occurs 
where  the  pressure  increase  is  caused  by  heat  alone,  as  is  shown  in 
Pig.  38.  In  all  the  subsequent  work  the  pressure  increase  measure- 
ments were  always  taken  at  a  time  corresponding  to  the  point,  a; 
by  this  means  the  heat  effect  is  practically  eliminated. 

(3)  The  heat  which  is  produced  in  the  corona  discharge,  shown 
by  the  gradual  pressure  increase  from  h  to  c.  Pig.  40,  is  distributed 
throughout  the  whole  volume  of  enclosed  air ;  consequently,  when  the 
circuit  is  broken,  this  heat  does  not  radiate  rapidly  because  the  air  is 
a  poor  conductor.  This  fact  is  shown  very  clearly  in  Pig.  41.  The 
curve  seems  to  show  that  the  pressure  increase  due  to  heat  in  the 
corona  is  represented  by  the  difference  of  ordinates  of  c  and  6, 
(Pig.  41).  As  soon  as  the  circuit  is  broken  at  c,  the  increase  in  pres- 
sure due  to  corona  at  once  disappears,  but  the  increase  in  pressure 
due  to  heat  in  the  corona  discharge  remains  as  is  shown  by  the  dif- 
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ference  between  ordinates  d  and  a.  This  difference  is  always  very 
nearly  equal  to  the  difference  of  ordinates  of  c  and  h.  This  heat 
energy  produced  by  the  corona  current,  since  it  is  distributed  through 
the  gas,  radiates  very  slowly,  as  is  shown  by  the  gradual  descent  of 
the  curve  from  d  to  c.  No  such  effect  is  observed  when  the  increase 
of  pressure  is  due  entirely  to  heat,  as  is  shown  in  Pig.  38.  This  curve 
shows  that  twenty-five  seconds  after  the  corona  is  removed  from  the 
wire  the  increase  in  pressure  due  to  the  corona  has  disappeared,  but 
practically  all  the  pressure  increase  due  to  heat  in  the  corona  (ordi- 
nate c  minus  ordinate  b  approximately  equals  ordinate  d  minus  ordi- 
nate a)  still  remains  and  radiates  very  slowly. 

(4)  If  the  increase  in  pressure  is  due  to  heat,  the  same  increase 
in  pressure  should  result  when  the  same  power  is  consumed:  (a) 
with  a  corona  current  through  the  gas  and  (b)  with  a  heating  current 
through  the  wire.  Figs.  42  and  43  show  that  this  is  not  the  case.  The 
powers  consumed  in  the  two  cases  are  not  exactly  the  same,  but  one 
can  see  that  were  they  the  same,  the  increase  in  pressure  due  to  corona 
would  be  approximately  half  the  increase  in  pressure  due  to  heat. 
The  power  in  the  corona  was  obtained  by  multiplying  the  potential 
difference  between  the  wire  and  the  tube  by  the  corona  current,  and 
in  the  heated  wire  the  power  was  obtained  by  multiplying  the  current 
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through  the  wire  by  the  potential  difference  across  that  portion  of  the 
wire  which  was  in  the  tube. 

(5)  If  the  increase  in  pressure  in  the  corona  discharge  is  due 
to  heat,  the  temperature  of  the  air  in  the  corona  tube  must  increase. 
This  condition  may  or  may  not  be  that  of  the  luminous  layer  near  the 
wire,  but  the  temperature  of  the  gas  in  the  tube  at  a  point  four  milli- 
meters from  the  wire  actually  decreases.  This  decrease  was  deter- 
mined by  inserting  a  sensitive  thermocouple  made  of  very  fine  Copper- 
Advance  wire  into  the  corona  tube.  The  temperature  decreased  only 
at  the  instant  the  corona  appeared.  In  a  short  time  after  the  heat 
due  to  the  corona  began  to  appear  (corresponding  to  the  slope  b  to  c, 
Pigs.  40  and  41)  the  temperature  of  the  gas  in  the  tube  began  to  in- 
crease. This  cooling  effect  is  shown  in  Pig.  44.  Prom  a  comparison 
of  Pig.  44  with  Pig.  40  it  is  seen  that  the  increase  in  pressure  which 
was  measured  at  a  was  observed  while  there  was  an  actual  cooling  in 
the  corona  tube.  This  cooling  should  be  expected  when  air  or  oxyg^ 
is  in  the  tube,  for  under  these  conditions  ozone  is  formed.  Since  the 
formation  of  ozone  from  oxygen  is  always  accompanied  by  an  ab- 
sorption of  heat,  the  temperature  of  the  air  or  oxygen  would  tend 
to  lower.  J.  W.  Davis,  working  on  corona  about  hot  wires  in  hydro- 
gen, discovered  that  the  appearance  of  the  corona  about  a  tungsten 
wire  at  white  heat  causes  it  to  cool  to  dull  red.  This  change  tends  to 
show  that  even  in  the  corona  glow  itself  there  is  a  cooling  effect.  A 
possible  explanation  of  the  cooling  effect  might  be  given  by  assuming 
an  electrical  wind  action  around  the  conductor. 
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Pio.  44.    Cooling  Efpect  in  Corona 


(6)  If  the  increase  in  pressure  in  the  corona  is  due  to  heat,  one 
should  expect  it  to  be  the  same  with  the  wire  either  positive  or  neg^a- 
tive.  It  will  be  mentioned  hereinafter  that  it  is  impossible  to  obtain 
measurements  when  the  wire  is  negative  because  of  the  presence  of 
beads.  The  negative  corona  is  entirely  different  from  the  positive 
corona. 

(7)  The  following  consideration  will  show,  moreover,  that  the 
mcrease  in  pressure  cannot  be  due  to  heat.  The  heat  produced  by  the 
corona  current  will  be  given  by  the  equation  If  —  0.238  ^i^  and  if 
the.  observed  pressure  increase  is  due  to  heat,  the  increase  in  pressure 
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Ap  will  be  proportional  to  the  heat.  The  equation  may  then  be 
written  Ap  =  fc  eit.  The  only  way  for  Ap  to  vary  directly  as  t, 
the  corona  current,  as  shown  by  curves  in  the  next  paragraph,  is  for 
e  to  be  independent  of  t.    Data  shows  that  this  is  not  the  case. 

(8)  To  determine  the  laws  relating  this  ionization  pressure  to 
the  corona  current,  experiments  were  made  when  the  wire  was  posi- 
tive and  the  coaxial  cylinder  grounded  with  dry  air,  hydrogen,  nitro- 
gen, carbon  dioxide,  oxygen,  and  ammonia  as  the  gases  in  the  tubes. 
Considerable  care  was  taken  to  see  that  these  gases  were  absolutely 
pure.  They  were  all  dried  carefully  before  they  were  used.  Pig.  45 
shows  all  the  curves  plotted  to  the  same  scale.  With  this  scale  the 
hydrogen  curve  should  be  continued  until  its  ordinate  is  equal  to 
that  of  the  carbon  dioxide  curve. 

The  fact  that  the  points  all  lie  accurately  on  a  straight  line 
shows  conclusively  that  the  experiment  verifies  the  prediction  luade 
by  Dr.  Kunz's  theory.  The  law  can  then  be  stated  that  in  the  K«ses 
studied  with  the  wire  positive  the  ionization  pressure  is  exactly  pro- 
portional to  the  corona  current. 

In  oxygeji  a  considerable  amount  of  ozone  was  formed  because 
of  the  coroDa  discharge.  Evidently  the  curve  as  shown  is  a  resultant 
of  two  effects:  Q)  A  chemical  change,  due  to  the  formation  of  ozone, 
which  would  tend  to  cause  a  decrease  in  pressure.  (2)  The  increase 
in  pressure  due  to  the  ionization  of  the  oxygen.  Since  the  ionization 
curve  is  a  straight  line,  as  is  shown  by  the  gases  in  which  pix)bably 
there  is  no  chemical  action,  and  since  this  resultant  curve  of  oxygen 
is  a  straight  line,  the  following  law  can  be  stated : 

Whenever  chemical  change  occurs  because  of  the  coronn  the 
chemical  change  is  proportional  to  the  current. 

With  the  wire  negative  beads  always  appear,  and  since  the  pres- 
sure increase  varies  with  the  arrangement  of  the  beads  which  are  not 
stable,  it  is  impossible  to  verify  accurately  the  relationship.  Wlien 
an  ordinary  open  manometer  which  is  slow  in  its  action  was  useo 
instead  of  the  quick  acting  gage,  it  was  discovered  that  the  same  re- 
lationship as  stated  is  very  nearly  true  for  the  negative  as  well  as  for 
the  positive  wire. 

The  increase  in  pressure  in  nitrogen,  showing  ionization,  is  one 
of  the  exceptions  where  nitrogen  is  largely  ionized  at  low  tempera- 
tures and  thus  probably  chemically  active.     How  nitrogen,  carbon 
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dioxide,  and  ammonia  are  ionized  are  questions  which  require  fur- 
ther study. 

The  arrangement  of  the  apparatus  could  be  used  as  a  high  poten- 
tial voltmeter  by  simply  calibrating  the  increase  in  pressure  against 
volts,  as  determined  by  a  disc  electrometer. 

26.  Results  from  Theoretical  Considerations.  — If  the  increase 
in  pressure  is  due  to  heat,  it  is  possible  to  compute  the  magnitude  of 
the  pressure  increase  when  one  knows  the  watts  of  electrical  energy 
consumed  in  the  tube.  The  trial  represented  in  Pig.  43  gives  these 
data.  The  observed  pressure  increase  was  measured  in  three  seconds 
so  that  the  total  number  of  joules  of  work  consumed  by  the  tube  in 
that  time  was  3  x  0.266  =  0.798  joules.  '  This  amount  corresponds  to 
0.1909  calories.  Knowing  the  volume  of  the  tube,  the  temperature 
and  pressure  of  the  air  in  it,  one  can  readily  compute  the  mass  of  the 
air  in  the  tube.  With  the  quantity  of  heat  and  mass  of  air  mentioned 
previously,  together  with  the  specific  heat  of  the  air  at  constant  vol- 
ume, the  temperature  rise  of  the  air  can  be  computed,  if  the  electrical 
energy  is  assumed  to  be  converted  into  heat.  This  temperature  rise 
is  2.44  degrees  centigrade,  which  at  constant  volume  corresponds  to 
a  pressure  increase  of  nearly  nine  centimeters  of  water,  while  the  ob- 
served pressure  increase  in  this  particular  trial  amounts  to  nearly  sev- 
en-tenths centimeters  of  water.  In  this  computation  radiation  and  con- 
duction losses  have  been  neglected,  because  they  would  be  very  small 
from  a  body  2.44  degrees  centigrade  above  room  temperature.  This 
ecnnputation  shows  that  the  observed  results  lie  in  a  different  order 
of  magnitude  from  that  expected  if  Arnold's  theory  were  true. 

Arnold  states,  if  **we  compute  the  corona  currents  that  would 
result  from  the  presence  of  enough  ionized  particles  to  produce  the 
observed  pressure  chapges,  the  currents  calculated  are  many  thousand 
times  greater  than  those  actually  obtained.''  Such  a  statement  is 
true  only  when  the  ionized  particles  are  produced  in  a  uniform  or 
practically  uniform  electric  field.  This  is  not  the  case  in  the  corona 
tube,  as  is  shown  in  Chapter  VII. 

Prom  these  data  it  is  seen  that  the  potential  gradient  near  the 
wire  is  very  high,  of  the  order  of  30,000  volts  per  centimeter.  This 
is  the  arcing  gradient,  in  which  probably  every  molecule  is  ionized. 
Then  for  a  long  space  between  the  wire  and  the  tube  there  is  a  very 
small  gradient.    With  this  condition  of  the  field,  every  molecule  may 
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be  ionized  near  the  wire  and  still  the  resultant  current  be  very  small, 
for  few  of  the  ionized  particles  near  the  wire  will  pass,  through  the 
space  where  there  is  a  small  gradient.  Simple  computations  based  on 
kinetic  theory  show  that  the  maximum  observed  pressure  increases 
ean  be  explained  by  ionization  if  every  molecule  of  the  air  within  1^9 
millimeters  of  the  wire  is  ionized.  Within  this  distance  the  potential 
gradient  is  equal  to  the  arcing  gradient  and  it  is  therefore  probable 
that  all  molecules  are  ionized. 

27.  Further  Verification  of  Kum^s  Theory, — The  final  equation 

as  presented  by  Dr.  Kunz  is  *i=  —  (pi— po)-7-f  a  constant,  where 

e  t 

%  is  the  corona  current,  v©,  the  volume  of  the  tube,  e,  the  potential  dif- 
ference between  the  wire  and  the  tube,  Pi-Po,  the  pressure  increase, 
k,  a  constant  and  Po,  the  initial  pressure.  This  equation  shows  that 
for  a  constant  potential  difference,  e,  the  current,  i,  should  increase 
as  Po  is  lowered.  Data  were  taken  by  measuring  the  current  at  vari- 
ous measured  pressures,  caused  by  a  constant  potential  difference, 
which  verifies  this  theory.  These  data  are  shown  graphically  in  Pigs. 
46  and  47  when  pure  hydrogen  and  nitrogen  respectively  were  the 
gases  in  the  tube. 

28.  Summary  and   Conclusions. — Experimental   results  show; 

(1)  That  the  increase  in  pressure  due  to  the  corona  ap- 
pears and  disappears  much  more  rapidly  than  when  due  to  heat 
only. 

(2)  That  the  heat  in  the  corona  discharge  is  not  a  promi- 
nent factor  until  many  seconds  after  the  corona  appears. 

(3)  That  in  equal  energy  experiments  the  increase  in 
pressure  due  to  corona  differs  from  the  increase  in  pressure 
due  to  heat  by  nearly  50  per  cent. 

(4)  That  at  the  instant  the  corona  appears  the  gas  in 
the  tube  at  a  small  distance  from  the  wire  is  cooled. 

(5)  The  ionization  pressure  in  the  positive  corona  is  ex- 
actly proportional  to  the  corona  current  in  dry  air,  hydrogen, 
nitrogen,  carbon  dioxide,  oxygen,  and  ammonia. 

(6)  Any  chemical  action  that  occurs  because  of  the  corona 
is  proportional  to  the  corona  current. 
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(7)  That  the  theory  advanced  by  Professor  Kunz  is  veri- 
fied in  one  more  field;  namely,  in  the  relation  between  current 
and  pressure  for  constant  voltage. 

These  results  together  with  conclusions  drawn  from  simple  cal- 
culations  force  one  to  believe  that  the  pressure  increase  in  the  corona 
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discharge  is  not  due  to  Joule's  heat.  With  the  knowledge  of  the 
distortion  of  the  field  in  the  corona  tube  it  seems  very  possible  that  the 
increase  in  pressure  is  due  to  ionization. 

Dr.  A.  M.  Tyndall  has  also  argued  against  a  characteristic  pres- 
sure effect  in  the  corona.  In  his  experiments  he  used  a  much  smaller 
tube  and  introduced  about  one  thousand  times  more  energy  per  unit 
time  than  that  used  in  these  experiments,  unless  there  is  a  misprint 
in  the  current  (10-**  instead  of  10-^).  Even  if  there  were  a  misprint, 
the  relative  energy  is  still  larger  in  TyndalFs  experiments,  because 
his  inner  wire  was  about  thirty  times  smaller  than  those  used  in  the 
measurements  herein  recorded.  It  is  therefore  possible  that  TyndalJ 
observed  oidy  heat  phenomena;  moreover  from  his  data  it  cannot 
be  concluded  that  the  pressure  increase  in  question  is  proportional  to 
the  corona  current,  a  fact  which  requires  an  explanation  different 
from  a  simple  heat  effect.  The  cooling  of  the  wire  by  the  corona  had 
been  discovered  in  the  Physics  Laboratory  of  the  University  of  Illi- 
nois before  Tyndall  published  his  paper.  Tyndall's  experiments  can- 
not be  considered  conclusive;  the  characteristic  pressure  measured 
by  Warner  may  be  due  to  an  increase  in  particles  or  to  a  partial 
vacuum  surrounding  the  wire  when  the  corona  discharge  takes  place. 
The  problem  is  not  yet  solved. 
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CHAPTER  IX 
Ozone  Formation  in  the  Corona 

Among  the  problems  attracting  attention  at  the  present  time, 
that  of  the  nature  of  the  forces  which  hold  the  atoms  together  in  the 
molecule  is  of  great  importance.  The  most  probable  suggestion  is 
that  these  forces  are  due  to  the  electrons  and  positive  nuclei  of  the 
different  atoms  acting  on  each  other  according  to  laws  still  obscure. 
Most  of  the  articles  which  have  been  published  concerning  this  prob- 
lem are  of  a  speculative  nature.  If  the  forces  are  electrical,  it  seems 
obvious  that  some  electrical  method  might  be  used  advantageously  in 
their  study.  Ionization,  often  followed  by  chemical  reaction,  is 
found  to  occur  in  solutions  of  electrolytes  and  sometimes  in  gases.  A 
tremendous  amount  of  work  has  been  done  with  electrolytes  in  solu- 
tions of  various  solvents.  These  studies  have  led  to  the  development 
of  many  interesting  relationships,  but  there  are  so  many  complica- 
tions in  any  study  of  liquid  solutions  that  it  is  difficult  to  get  much 
conception  of  the  fundamental  intramolecular  forces.  In  spite  of 
the  fact  that  a  much  greater  amount  of  work  has  been  done  on  ions 
in  solutions  than  on  gaseous  ions,  more  is  known  about  the  latter.  In 
gases  the  ions  have  greater  freedom  of  movement  than  in  liquids. 
The  structure  is  simpler  and  it  is  much  easier  to  control  and  alter 
conditions.  Ionized  gases  with  charged  atoms  and  molecules  are  often 
capable  of  causing  chemical  action  and  so  may  well  lend  themselves 
to  the  study  of  those  forces  which  bind  the  atoms  together.  To  cause 
a  reversible  reaction  like  Nj  +  O2  i=52NO,  for  instance,  to  shift 
toward  the  right  by  purely  thermal  means  would  require  a  very  high 
temperature  for  appreciable  yields,  but  with  the  ionization  of  gases 
resulting  from  various  forms  of  electrical  discharge,  similar  yields 
can  be  secured  at  far  lower  temperatures.  It  seems  probable,  then, 
that  the  presence  of  ions  in  gases  is  the  cause  of  new  combinations 
of  the  atoms,  but  it  might  be  that  ionization  is  only  an  accompanying 
effect,  not  the  cause  of  chemical  reactions.  It  is  very  desirable  when 
studying  fundamental  relationships  to  work  with  conditions  as  little 
complicated  as  possible.    For  this  purpose  there  is  available  one  re- 
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aetion  that  involves  the  presence  of  only  one  element,  oxygen,  which 
is  changed  into  ozone  under  suitable  conditions. 

The  following  is  a  discussion  of  the  theory  of  ozone  formation 
which  is  applied  to  the  various  known  types  of  ozone  formation: 
the  oxygen  atom  is  supposed  to  possess  six  electrons  in  the  outer 
shelL  The  two  atoms  in  the  molecule  may  be  held  together  in  two 
different  ways,  between  which  there   may    be    several    gradations. 

The  oxygen  molecule  may  be  represented  by  either  of   the  formulas 

••      ••  ••    •• 

A,  :0:  :0: or B,  lOrO:.  In  the  first  form  the  atoms  are  held  together 
by  two  valence  bonds  while  in  the  second  there  is  only  one  bond,  each 
atom  x>068e6sing  an  extra,  unsatisfied  valence.  It  is  supposed  that 
a  valence  bond  is  due  to  the  coupling  together  of  two  electrons  which 
tend  to  make  a  fairly  stable  union.  In  form  B  each  atom  has  an 
extra  unbalanced  electron,  and  an  arrangement  exists  similar  to  the 
usual  conception  of  the  ethylene  molecule.  In  its  second  form  the 
oxygen  molecule  would  be  highly  reactive  as,  indeed,  oxygen  is  well 
known  to  be. 

If  a  neutral  oxygen  atom  came  in  contact  with  form  B,  there 

would  be  a  strong  tendency  to  form  the  neutral  molecule  of  ozone, 

••    •• 

*0*0' 

•  .•  •  ^  •.     The  electrons  not  being  symmetrically  placed  about  the 

:0: 

nuclei  a  strain  results  so  that  ozone  is  in  an  unstable  condition  and 
readily  tends  to  decompose.  The  heat  of  decomposition  of  ozone  by 
direct  measurement  is  about  +34,000  calories.  This  value  is  the 
resultant  of  the  force  required  to  split  two  extra  atoms  from  two 
ozone  molecules  and  of  the  force  with  which  these  two  atoms  unite  to 
form  a  molecule,  regardless  of  the  order  in  which  these  steps  may 
occur.  It  seems  likely  that  an  atom  would  have  to  come  in  contact 
with  the  unsaturated  form  of  molecule  B  at  just  the  right  angle  and 
with  a  suitable  velocity  in  order  to  produce  ozone.  Collision  between 
two  atoms  would  result  in  the  formation  of  a  molecule  with  conse- 
quent degradation  of  energy  as  heat. 

Apparently  the  formation  of  ozone  requires  oxygen  atoms  which 
may  be  derived  from  molecular  oxygen  or  from  some  compound  of 
oxygen  with  other  elements.  On  this  basis,  in  accordance  with  the 
mass-action  principle,  any  factor  which  increases  the  atomic  oxygen 
concentration  ought  to  raise  the  yield  of  ozone. 

Ozone  is  formed  in  many  chemical  reactions.     The  practical 
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method  for  the  manufacture  of  ozone  is  to  pass  air  through  some 
form  of  silent  discharge.  Whenever  ozone  is  formed  by  means  of  an 
electrical  discharge,  light  is  produced.  Indeed  ultraviolet  light  of 
sufficiently  short  wave  length  produces  ozone.  It  is  possible  that  it  is 
the  light  which  produces  the  ozone  even  in  the  silent  discharge  and 
in  the  corona  discharge.  The  vibrations  of  the  ultraviolet  light  tend 
to  loosen  the  oxygen  bonds,  to  produce  polarization  at  first  and  finally 
to  cause  dissociation  of  the  atoms  analogous  to  the  thermol  action 
of  high  temperatures. 

The  formation  of  ozone  is  an  end  of  thermic  reaction.  At  ordi- 
nary temperature  ozone  decomposes  into  oxygen,  but  the  rate  of  de- 
composition is  slow.  The  velocity  of  decomposition  increases  very 
rapidly  with  increasing  temperature,  so  that  for  practical  manufac- 
ture of  ozone  the  gas  should  be  as  cold  as  possible. 

For  the  formaton  of  ozone  atomic  oxygen  seems  to  be  required; 
the  atoms  may  or  may  not  be  changed  and  this  is  a  very  important 
question. 

The  chemical  reaction  may  be  written  in  the  form02— O^zWj. 
The  heat  of  decomposition  of  ozone  is  about  34,000  calories.  Ozone 
is,  therefore,  in  a  metastable  condition  at  ordinary  temperatures. 

For  the  ozone  formation  in  the  corona  discharge  the  following 
method  and  arrangement  were  chosen.  The  oxygen  was  prepared 
by  electrolyzing  a  20  per  cent  solution  of  sodium  hydroxide  with 
nickel  electrodes.  To  remove  hydrogen  the  gas  was  passed  over 
heated  copper  oxide.  Any  carbon  dioxide  was  removed  by  a  20  per 
cent  sodium  hydroxide  solution  in  a  bead  tower.    The  gas  was  dried 


Fio.  48.    Diagram  of  Apparatus  for  the  Stxtdt  of  Ozone  Formation  m 

Corona 
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by  being  passed  through  another  bead  tower  containing  concentrated 
sulphuric  acid,  through  a  large  U  tube  filled  with  pieces  of  fused 
^tassium  hydroxide  and  finally  through  another  large  U  tube  full 
of  phosphorous  pentoxide.  The  corona  tube  was  of  glass ;  its  dimen- 
sions are  given  in  Fig.  48.  The  outer  electrode  was  a  sheet  of  gold  foil 
0.15  mm.  thick.  Connection  was  made  by  a  platinum  wire  sealed 
through  the  glass  and  passing  all  around  between  the  foil  and  the 
glass  tube.  A  slit  was  left  in  the  foil  so  that  the  discharge  might  be 
observed.  It  had  the  characteristic  appearance  for  this  form  of  dis- 
charge as  described  previously  in  this  bulletin.  The  procedure  was 
to  fill  the  tube  with  pure  oxygen,  close  the  stopcocks  and  subject  the 
enclosed  volume  of  air  to  the  discharge  for  varying  lengths  of  time. 
The  gas  was  then  passed  through  neutral  2  N  potassium  iodide.  The 
iodine  set  free  was  titrated  with  0.025  N  thiosulphate  solution  after 
acidifying  with  sulphuric  acid.  During  the  discharge  the  current 
strength  was  measured  by  a  suitable  galvonometer  and  was  main- 
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Flo.  49.    Increase  of  Voltage  at  CJonstant  Current  and  Decrease  op  Cttrrsnt 
AT  Constant  Voltage  in  the  Formation  op  Ozone  in  the  Corona 
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taiued  constant  by  increasing  the  voltage  as  required.  The  resistance 
of  the  gas  rises  with  the  length  of  time  of  the  discharge.  The  re- 
quired increase  in  voltage  due  to  the  increased  resistance  is  an  ex- 
pontial  function  of  the  time 

Fo  is  the  initial  voltage,  Yt  is  the  voltage  at  any  time  t,  and  a  is  some 
constant.  This  relation  is  well  illustrated  in  Fig.  49,  curve  a.  On 
the  other  hand  if  the  voltage  is  maintained  constant,  the  current 
strength  will  decrease  as  in  Fig.  49,  curve  b.  The  formula  for  this 
hyperbolic  curve  will  be  somewhat  like  the  other  formula  but  with  a 
negative  exponent.  An  explanation  of  this  phenbmenon  is  given 
later.  The  state  of  affairs  in  the  discharge  is  somewhat  complicated. 
When  the  current  is  turned  on,  there  is  a  slight  immediate  rise  in 
pressure  due  to  the  ionization  of  the  gas.  This  increase  in  pressure 
means  a  splitting  of  the  molecules  into  atoms  so  that  the  total  number 
of  particles  in  the  gas  is  increased.  The  oxygen  atoms  formed  in 
oxygen  unite  chiefly  with  oxygen  molecules  to  form  oxone  with  a  con- 
sequent decrease  in  volume  which  may  be  followed  by  a  suitable 
manometer.  The  most  (90-97  per  cent)  of  even  the  initial  energy 
is  degraded  into  heat  energy.  As  the  ozone  increases  in  concentra- 
tion more  of  it  decomposes  with  the  liberation  of  more  heat.  All  this 
heat  causes  an  increase  in  the  velocity  of  the  molecules  and  sn  in- 
crease in  the  volume  of  the  gas.  The  decrease  in  volume,  which  is  a 
resultant  of  the  ozone  and  heating  effects,  should  bring  about  a  de- 
crease in  resistance.  The  increased  velocity  of  the  molecules  should 
also  help  to  lower  the  resistance.  Both  of  these  effects  should  allow 
the  easier  passage  of  the  ions  through  the  gas.  The  explanation  of  the 
increase  in  the  resistance  is  the  counter  electromotive  force  or  polari- 

Table  6 
CuRBENT- Voltage  Relationship 


Wire  Positive 


Wire  Negative 


Amperes  XIO — ♦ 
2.00 
2.77 
3.76 
6.25 


Volt* 
7910-  8300 
8960-  9260 
9370-  9650 
9680-10440 


Amperee  XIO— 4 
1.25 
2.60 
3.75 
5.00 
7.60 


VoHa 
8960-05501 
9880-10280 
10400-10600 
10800-11240 
11600-12480 


»  Cf .  Pig.  49,  Curve  a 


Digitized  by  VjOOQ  IC 


CORONA  DIBCHABOE 


97 


zation  effect  exerted  ^by  the  ions  present.  As  long  as  the  tube  is  closed 
its  size  is  the  limiting  factor.  After  a  condition  of  equilibrium  is 
once  reached  throughout  the  tube,  the  voltage  required  to  maintain  a 
certain  amperage  should  be  constant.  The  ionic  equilibrium  like  the 
ozone-oxygen  equilibrium  depends  upon  diffusion  to  a  large  extent 
and  this  in  turn  is  governed  by  the  size  and  shape  of  the  tube. 

These  data  are  the  extreme  values  observed  during  a  20-minute 
run.  To  test  the  reproducibility  of  the  method,  runs  were  made 
during  two  different  days  with  all  the  conditions  as  nearly  constant 
as  possible.  Each  run  lasted  just  three  minutes.  The  current  strength 
was  maintained  exactly  at  2.77  x  10-*  amperes  and  the  wire  was  posi- 
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PlO.  50.      OZONC  FOBIIATION  IN  THE  Ck)RONA  TUBK  AT  VaBIOUS  CuRRKNT 

Stbxngths  with  Wire  Positive 
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tively  charged.  The  results  were  345,  340,  335,  and  360  eu.  mm.  of 
ozone.  This  corresponds  to  nearly  6  g.  per  kw.  hr.,  a  value  lower 
than  the  values  given  hereinafter;  for  here  the  deozonizing  effect  of 
the  discharge  is  considerable.  To  calculate  the  yield  in  terms  of  per- 
centage divide  the  value  in  terms  of  cubic  millimeters  by  3000.*  The 
results  plotted  in  Figs.  50  and  51  represent  all  the  results  obtained  with 
the  amperage  at  a  constant  value  and  with  no  arc  in  series.  The  follow- 
ing yields  have  been  calculated  from  measurements  of  the  initial  slopes 
of  these  curves. 
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Fio.  51.    Ozone  Formation  in  the  Coeona   Tube  at  Various   Current 
Strengths  with  Wire  Negative 

*The  capacity  of  the  tube  being  300  cc.  to  change  from  cubic  millimeteni  to  peroentage 
multiply  by  100  (300X1000)  or  divide  by  3000. 
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Table  6 


OxoNB  Y1SLD6  Calculated  fbom  thb  ImrtAL  Slopes  of  the 

IN  FlOS.  50  AND  51 

Curves 

Wire  PoaitiT« 
Grama  of  Osone  per  ffilowati  Hour 

Wire  Necative 
Grama  of  Oione  per  Kilowatt  Hour 

Amp.  XlO-4 
2.00 
2.77 
3.76 
6.25 

Without  Spark 

7.7 

12.7 

20.7 

23.3 

With  Spark 
13 
18 
29 

Amp.  X10-* 
1.25 
2.60 
3.76 
6.00 
7.50 

Without  Spark 
13 

14.1 
14.2 
11.3 
24 

With  Spark 
22 
23 
26 

These  values  are  being  cheeked  by  passing  the  gas  through  the 
discharge  at  various  speeds.  With  the  wire  charged  positively,  about 
the  same  amount  of  ozone  is  formed  as  with  the  wire  charged  negative- 
ly. This  result  does  not  agree  with  either  Warburg*  or  Cermakt  who 
working  with  a  point  discharge  and  influence  machine  current  ob- 
served the  ozone  concentration  with  the  point  negative  to  be  about 
three  times  the  concentration  when  the  point  was  charged  positively. 
Their  explanation  was  that  the  greater  speed  of  the  negative  ions 
was  responsible.  This  seems  to  be  a  reasonable  explanation,  but  these 
curves  show  that  there  is  something  more  to  be  taken  into  considera- 
tion. The  point  discharge,  especially  with  an  influence  machine  sup- 
plying the  current,  is  very  complicated.  The  curves  in  Figs.  50  and 
51  belong  to  a  family  of  parabolic  curves  which  tend  to  approach  a 
eommon  point  as  a  limit.    The  general  formula  for  these  curves  is, 

where  y  is  the  yield  of  ozone,  a  is  a  constant,  i  is  the  time,  and  n  is  a 
fraction  between  0  and  1.  The  greater  initial  slope  of  the  larger 
current  curves  indicates  that  there  is  a  greater  ozonization,  but  the 
smaller  slopes  of  these  curves  after  five  minutes  show  that  there  is 
also  a  very  much  larger  deozonizing  effect.  The  resultant  is  probably 
the  same  in  all  cases  with  an  electrical  equilibrium  formed.  This 
electrical  equilibrium  for  any  one  apparatus  and  source  of  power  is 
probably  independent  of  the  current  strength.  It  is  the  resultant 
of  the  ozonizing  and  deozonizing  effects  of  the  current  and  the  small 
spontaneous  decomposition  of  ozone  at  the  temperatures  (24+3  de- 
crees) and  pressures  (740+  5  mm.)  used. 


*  Ann.  Phys.,  Vol  [4]  0.  p.  781,  1902. 

t  B«r.  daui.  phyiik.  Oe«„  VqI.  4,  p.  268,  190§. 
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A  few  experiments  were  made  with  a  spark  gap  in  series.  The 
spark  was  between  two  1  em.  zine  spheres  which  were  adjusted  by  a 
micrometer  screw.  The  effect  of  an  arc  in  series  with  the  corona  has 
been  studied  by  Crooker.*  He  showed  that  the  effect  is  not  to  produce 
an  oscillating  but  an  intermittent  ^irect  current.  In  Table  6  some 
yields  are  given  of  ozone  per  kilowatt  hour.  These  were  calculated 
as  follows :  With  the  wire  positive  and  with  the  current  of  2.00x10-* 
ampere,  the  yield  of  ozone  was  two-thirds  greater  for  the  three-minute 
interval  with  rather  than  without  the  spark  in  series.  The  increases 
are  greater  for  the  smaller  current  strengths.  These  results  throw 
some  light  on  the  effecjb  of  alternating  or  fluctuating  current  and  of 
different  frequencies  on  ozone  production.  This  point  will  be  dis- 
cussed later  in  connection  with  the  further  study  of  ozone  for- 
mation in  the  corona  which  is  being  continued  in  the  Chemical 
Laboratory  of  Purdue  University. 

*Crooker,  Am.  J.  Sd.,  Vol.  «5.  p.  281.  1018. 
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CHAPTER  X 

The  Influence  op  a  Series  Spark  on  the  Corona 

The  typical  positive  corona  discharge  is  a  uniform  glow  around 
the  wire,  while  the  negative  corona  consists  in  more  or  less  evenly 
spaced  bright  beads.  If  a  short  spark  is  included  in  series  with  the 
corona  tube,  this  difference  in  the  discharge  is  largely  eliminated, 
the  discharge  appearing  almost  the  same  whether  the  wire  is  positive 
or  negative.  The  introduction  of  the  spark  in  series  entirely  changes 
the  visual  character  of  the  corona  glow.  The  usual  characteristic 
negative  beads  spread  laterally  and  in  diameter  into  a  fuzzy  glow 
(blue  in  air),  whereas  the  quiet  uniform  positive  glow  gives  place 
to  a  remarkable  display  of  purple  streamers  shooting  radially  from 
the  wire  to  the  tube  and  at  times  completely  filling  the  tube  with 
light.     These  visual  characteristics  are  essentially  the  same  in  all 


When  this  marked  difference  between  the  corona  with  and  with- 
out the  spark  in  series  was  first  discovered,  it  was  suggested  that 
perhaps  this  difference  was  due  to  high  frequency  oscillations  super- 
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imposed  upon  the  direct-current  phenomenon.  The  results  pres^ited 
in  the  following  pages  of  this  chapter  comprise  the  present  biowledge 
of  this  peculiar  corona  phenomenon. 

29.  Apparatus. — The  electrodes  of  the  spark  gap  were  polished 
brass  spheres,  one  centimeter  in  diameter,  fastened  to  brass  rods  which 
were  supported  by  hard  rubber  blocks  on  a  solid  hard  rubber  base. 
One  of  the  electrodes  was  supplied  with  a  micrometer  screw  and  an 
insulated  handle  which  permitted  an  easy  adjustment  of  the  spark 
discharge.  This  spark  gap  was  connected  in  series  with  the  self- 
opening  line  switch  and  the  corona  tube  through  a  reversing  switch 
which  allowed  quick  reversal  of  the  polarity  of  the  axial  wire.  The 
connections  of  the  apparatus  are  shown  in  Fig.  52. 

30.  Visual  Characteristics  of  the  Corona  urith  Spark  in  Series. — 
If  in  positive  corona  a  short  spark  is  placed  in  series  with  the  corona 
tube,  containing  air  at  atmospheric  pressure,  after  the  voltage  is  high 
enough  to  give  a  bright  uniform  glow  a  most  remarkable  change  takes 
place  in  the  discharge.  For  very  short  sparks  a  few  bright  purple 
radial  pencils  or  streamers  of  light  will  shoot  out  irregularly  from 
the  wire  toward  the  tube.  These  streamers  increase  in  number  and 
in  brightness  as  the  spark  gap  is  opened  and  may  at  times  completely 
fill  the  tube  with  purple  light.  They  are  brighter  and  more  easily 
formed  at  the  higher  pressures  and  at  voltages  slightly  above  that 
for  the  starting  glow,  but  they  have  been  observed  at  pressures  as 
low  as  30  cm.  of  mercury. 

The  same  changes  in  the  appearance  of  the  positive  glow  by  the 
introduction  of  a  series  spark  have  been  observed  in  illuminating  gas 
and  hydrogen.  The  uniform  positive  glow  is  in  both  cases  ti*ans> 
formed  into  the  radial  streamers  by  the  action  of  the  spark.  In  illu- 
minating gas  these  streamers  are  of  an  intense  blue-green  color, 
while  in  hydrogen  they  are  of  a  milky  white  or  silvery  appearance. 

In  negative  corona  a  short  series  spark  has  the  effect  of  destroying 
the  characteristic  negative  beads.  Introducing  a  very  short  spark 
reduces  the  clear  beads  in  brightness  and  in  their  clear-cut  form,  and 
they  become  hazy  at  the  boundaries.  Gradually  opening  the  spurk 
gap  causes  a  slow  transition  of  the  beads  from  the  clear  intensely 
concentrated  form  of  glow  to  a  uniform  fuzzy  glow  whiqh  spreads 
laterally  from  the  beads  along  the  wire  and  which  is  slightly  larger 
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Fig.  53.     Corona  Discharge  with  and  without  a  Series  Spark 
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in  diameter  than  the  original  beads.  The  bright  eores  of  the  beads 
maintain  their  positions  until  the  last,  although  they  are  greatly  re- 
duced in  intensity  and  may  even  be  seen  when  the  spark  gap  is  so 
long  that  the  glow  flashes  but  intermittently.  The  characteristic 
destruction  of  the  clear  form  of  the  beads  due  to  the  action  of  the 
spark  has  also  been  observed  in  illuminating  gas  and  in  hydrogen  at 
various  pressures.  The  appearance  of  the  glow  remains  the  same, 
whether  the  spark  is  placed  on  the  grounded  side  of  the  tube  or  on 
the  high  potential  side. 

Photographs  of  the  corona  discharge  with  and  without  a  series 
spark  are  shown  in  Fig.  53. 

31.  No  OscUlaiions  in  the  Corona. — ^When  the  influence  of  the 
series  spark  was  first  discovered,  the  action  was  attributed  to  oscilla- 
tions or  surges  started  in  the  system  by  the  spark.  This  suggestion 
was  made,  because  when  a  2  micro  farad  condenser  was  placed  in 
parallel  with  the  tube  and  the  wire,  the  hazy,  beaded  discharge  ap- 
peared for  both  positive  and  negative  corona,  and  did  not  change 
in  character  when  a  series  spark  was  added  to  the  circuit.  When  the 
spark  is  placed  in  series  many  times,  a  hissing  sound  is  heard  whicli 
might  be  due  to  oscillations. 

To  determine  whether  the  series  spark  sets  up  oscillation  several 
experiments  have  been  performed.  The  results,  which  show  that  os- 
cillations are  not  present,  will  be  given  in  the  following  paragraphs. 


Fio.  54.    Abranoement  of  Apparatus  for  Bots's  Method 
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The  difference  between  the  podtive  and  negative  corona  with 
series  spark,  as  described,  is  so  conspicuous  as  to  exclude  the  possi- 
bility of  the  effect  being  due  to  oscillations.  If  there  were  oscilla- 
tions, they  could  not  be  symmetrical  with  respect  to  the  time  axis. 

The  oscillograph  and  vibration  galvanometer  cannot  be  used  to 
determine  the  current  wave  form,  because  the  currents  are  too  weak 
to  overcome  the  inertia  of  the  moving  elements.  Three  methods  have 
been  used  which  give  accordant  results:  the  telephone,  revolving 
lenses  and  a  photographic  plate,  and  a  cathode  tube  with  a  hot  lime 
cathode.  The  last  method  may  be  made  very  sensitive  and  gives  satis- 
factory results. 

In  the  telephone  receiver  method  a  receiver  connected  in  parallel 
with  a  resistance  was  used  in  place  of  the  galvanometer.  The 
passage  of  the  faintest  spark  can  be  detected.  When  the  voltage  is 
high  enough  to  produce  corona,  a  sharp  click  is  heard  in  the  telephone 
as  each  consecutive  spark  passes  and  a  flash  of  glow  appears  on  the 
wire  in  the  tube.  If  the  sparks  pass  in  very  rapid  succession,  the  glow 
will  appear  to  be  practically  continuous.  The  discharge  between 
the  spheres  is  intermittent  and  forms  a  white  line  in  the  gas. 

The  corona  tube  acts  like  a  condenser  charging  and  discharging 
at  intervals,  according  to  the  length  of  the  spark  gap.  It  can  be  ar- 
ranged so  that  for  long  sparks  only  one  spark  passes  per  second  or 
for  short  sparks  several  thousand  pass  per  second,  and  as  each  si>ark 
passes  it  will  register  a  sharp  click  in  the  telephone  receiver.  De- 
creasing the  spark  length  from  the  longest  sparking  distance  will 
make  the  sparks  jump  faster  and  faster  until  for  very  short  si)ark 
lengths  the  sound  in  the  telephone  practically  passes  from  the  audible 
range.  The  results  obtained  with  the  telephone  suggest  the  assump- 
tion that  the  corona  current  with  a  spark  in  series  is  only  intermittent 
and  not  oscillatory. 

Boys's  method  consists  in  photographing  the  spark  directly  when 
the  image  from  it  sweeps  across  a  photographic  plate.  Boys  (19) 
used  a  system  of  six  revolving  lenses  set  in  one  solid  disc.  Each 
lens  was  mounted  a  little  offset  from  the  center  of  the  disc  as  com- 
pared with  those  adjacent,  so  that  the  image  from  it  would  not  over- 
lap the  others.  The  arrangement  of  the  apparatus  is  shown  in  Fig. 
54.  All  the  lenses  have  the  same  focal  length;  so  the  spark  gap  can 
be  focused  on  the  plate  through  any  one  of  them.  The  spark  gap  and 
the  photographic  plate  are  stationary,  but  since  the  lenses  move,  the 
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Fio.  55.    Photographs  of  OsaLLATosY  and  Unidirectional  Sparks 
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focus  of  the  spark  shifts  from  one  point  to  another  across  the  plate 
leaving  its  record  of  instantaneous  images. 

A  small  motor  drives  the  lenses  at  a  speed  of  about  6000  r.  p.  m. 
The  lenses  are  set  about  four  inches  from  the  center  of  the  disc  so 
that  it  is  possible  to  get  a  linear  speed  of  approximately  100  ft.  per 
sec.  across  the  face  of  the  photographic  plate. 

By  this  method  it  is  possible  to  analyze  the  spark  and  to  deter- 
mine whether  it  is  of  an  oscillatory  or  unidirectional  character.  An 
oscillatory  spark  will  give  an  irregular  band  of  light  across  the  plate 
(see  Fig.  55A)f  while  a  unidirectional  spark  leaves  only  a  sharp 
line  (see  lines  in  Fig.  55£). 

For  rough  determinations  it  is  easy  to  observe  the  image  of  the 
spark  on  the  ground  glass  plate  and  to  find  quickly  if  the  spark  is 
oscillatory  or  not.  If  it  is  oscillatory,  one  can  observe  the  approxi- 
mate frequency  and  duration  of  the  spark.  For  more  nearly  ac- 
curate determinations  photographs  must  be  made  on  sensitive  plates 
and  observations  and  measurements  made  from  them. 

Several  observations  were  made  with  this  method  for  various 
spark  lengths  and  speed  of  lenses  using  both  air  and  hydrogen  in  the 
corona  tube.  In  the  first  experiment  corona  was  produced  in  air  at 
a  pressure  of  500  mm.  by  a  potential  of  14,000  volts.  The  spark  gap 
was  about  1.5  mm.  in  length  and  the  lenses  were  driven  at  a  speed 
of  2,000  r.  p.  m.  A  photograph  was  taken,  but  the  individual  sparks 
showed  no  trace  of  being  oscillatory. 

To  spread  out  the  individual  spark  images  the  lenses  were 
driven  at  the  higher  speed  of  6,000  r.p.m.  and  the  spark  gap 
set  at  1.19  mm.  This  arrangement  allowed  a  passage  of  nearly  2,500 
sparks  per  second  and  a  speed  of  about  100  ft.  per  sec.  across  the 
plate.  The  half-tone.  Fig.  55B,  clearly  showed  that  the  sparks  were 
not  of  an  oscillatory  character  but  unidirectional,  that  only  a  sharp 
line  was  recorded  as  each  spark  passed,  and  that  the  duration  was  less 
than  1-100,000  second.  Each  spark  was,  moreover,  a  little  brighter 
at  the  negative  electrode,  and  showed  that  all  the  sparks  passed  in 
the  same  direction  and  were  of  the  same  character. 

With  hydrogen  in  the  tube  at  a  pressure  of  744  mm.  and  a 
potential  of  9,400  volts  photographs  were  taken  when  the  spark  gap 
was  0.75  mm.  and  0.3  mm  in  length.  For  the  0.75  mm.  gap  the  fre- 
quency of  the  sparks  was  about  10  per  second  and  produced  a  large 
number  of  silvery  streamers  in  the  corona  tube.    When  the  gap  was 
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reduced  to  0.3  mm.,  several  hundred  sparks  passed  per  second  and 
the  corona  tube  was  completely  filled  with  streamers.  In  every  case 
the  sparks  were  unidirectional,  sharp  and  clear-cut,  and  showed 
ao  oscillatory  character  whatever. 

To  determine  the  form  of  the  current  curves  when  the  spark  is 
in  series  a  special  hot-lime-cathode  Braun  tube  was  designed  and  con- 
structed as  shown  in  Fig.  56. 

A  narrow  platinum  strip,  P,  fastened  to  the  insulated  brass 
blocks,  3^32,  is  heated  by  an  auxiliary  current  passing  through  the 
leading-in  conductors,  CiC,.  A  small  spot  of  calcium  oxide  placed 
upon  this  heated  strip  has  a  peculiar  property  of  giving  off  a  stream 


Fig.  56.    The  Adjustable  Hot-Limb  Cathook 
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of  slow  moving  electrons  when  used  as  cathode  in  a  discharge  tube 
at  a  very  low  pressure.  It  is  necessary  to  use  only  a  low  potential 
of  nearly  400  volts  between  anode  A  and  cathode  C.  The  block  hold- 
ing the  platinum  strip  was  mounted  upon  a  gimbal  support,  as 
shown,  in  order  that  the  soft  cathode  beam  could  be  easily  adjusted 
through  a  hole  in  the  diaphragm,  D,  fall  upon  the  fluorescent  screen, 
8,  and  there  produce  a  spot  of  maximum  brightness.  This  double 
adjustment  is  necessary,  for  it  is  impossible  to  assure  by  construction 
the  exact  direction  of  the  beam. 

If  a  very  weak  magnetic  field  is  placed  at  right  angles  to  this 
beam  of  slow  moving  electrons,  the  beam  will  be  deflected  and  the 
bright  si)ot  shifted  on  the  fluorescent  screen.  When  the  magnetic 
field  is  alternating  or  pulsating,  the  rapidly  moving  spot  will  cause 
a  line  to  be  seen  on  the  screen.  If  this  line  is  observed  in  a  mirror 
rotating  at  right  angles  to  it,  the  line-  is  spread  out  into  a  curve  repre- 
senting the  variations  in  the  current  of  the  coil  which  excites  the  mag- 
netic field. 

The  coil  used  had  about  3,000  turns  of  No.  26  enameled  copper 
wire  wound  in  two  sections  and  mounted  so  that  it  could  be  fitted 
closely  to  the  neck  of  the  tube. 

It  might  be  advantageous  to  note  briefly  some  of  the  details 
necessary  in  constructing  and  operating  the  hot-lime-cathode  Braun 
tube. 

(1)  The  cathode  should  be  adjustable  in  order  to  get  a 
spot  of  maximum  brightness. 

(2)  A  diaphragm,  D,  is  necessary  to  eliminate  extraneous 
light  from  the  hot  platinum  strip  and  to  stop  down  the  divergent 
cathode  beam. 

(3)  The  cathode  should  be  as  near  the  fluorescent  screen 
as  the  sensitiveness  of  the  apparatus  permits. 

(4)  CaO  mixed  with  a  small  quantity  of  BaNOg  insures 
a  longer  life  to  the  lime  and  may  be  easily  applied  as  a  paste. 

(5)  The  anode  should  be  near  the  cathode,  for  instance, 
1  cm.  distant. 

(6)  The  i)otential  may  be  as  low  as  300  volts  and  pref- 
erably from  a  constant  source,  as  from  storage  cells. 

(7)  The  pressure  must  be  very  low  and  may  even  be 
assisted  with  charcoal  and  liquid  air.    Qases  are  given  off  from 
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the  lime  cathode  freely  and  necessitate  constant  pumping  if 
the  tube  is  to  be  used  for  any  length  of  time. 

With  this  hot-lime-cathode  apparatus  it  was  easy  to  observe  in 
the  rotating  mirror  the  forms  of  the  current  curves  when  a  spark 
passed  and  when  the  current  flowed  through  the  corona  tube.  The 
field  coil  was  connected  in  series  with  the  circuit:  (1)  between  the 
spark  gap  and  the  corona  tube,  and  (2)  between  the  corona  tube  and 
ground  or  negative  terminal  of  the  generators  (see  Pig.  52).  The 
current  forms  are  sketched  in  Fig.  57  as  they  were  observed  in  both 
of  these  positions  and  for  the  conditions  (N)  when  there  was  no 
spark,  {8)  when  sparks  were  passing  slowly,  and  (F)  when  sparks 
were  passing  rapidly. 

With  the  coil  in  the  position  (1)  and  with  no  spark,  the  current, 
Ni,  was  observed  to  be  a  unidirectional  one  with  an  irregular  and 
ragged  edge.  These  irregularities  are  noticeable  and  are  probably 
due  to  poor  commutation  at  the  machines  as  well  as  fluctuations  in 
their  speed  of  rotation. 

With  a  few  sparks  passing,  for  instance,  three  per  second,  the 
current,  8^,  suddenly  jumps  to  a  maximum  each  time  a  spark  passes 
and  then  more  gradually  falls  to  zero.  The  current  is  always  in  one 
direction  and  its  maximum  value  is  larger  than  Nj^. 

When  the  spark  gap  is  adjusted  so  that  sparks  pass  more  rapidly, 
the  current,  F^,  has  the  same  shape  as  8^  except  that  the  impulses  are 
crowded  closer  together. 

With  the  field  coil  connected  in  the  position  (2),  without  spark, 
the  current,  N^',  is  constant  and  gives  a  straight  line. 

With  only  a  few  sparks  per  second  a  peaked  current  form,  S,, 
rises  rapidly  and  decays  more  slowly  than  in  8^. 

For  a  greater  ft>equency  of  sparks  the  ionization  comes  into  play 
in  a  more  pronounced  fashion.  The  ionization  current  does  not  have 
time  to  reduce  to  zero  between  consecutive  impulses  from  the  spark, 
and  so  the  resultant  effect  is  a  direct  current,  F,,  ordinarily  called  a 
pulsating  current,  with  peaks  that  correspond  to  the  sparks  passing 
on  the  other  side  of  the  tube. 

These  current  forms  are  essentially  the  same  both  when  the  wire 
is  positive  and  negative.  They  show  directly  that  there  are  no  os- 
ciUations  in  the  series  spark  nor  in  the  corona  tube.  If  there  were 
surges  or  oscillations  left,  they  would  have  to  be  exceedingly  weak  and 
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Fig.  57.    Current  Forms  in  the  Spark  and  Ck)RONA  Tube 
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of  very  high  frequency.  The  results  of  these  three  methods  show  con- 
clusively that  the  corona  current  with  a  spark  in  series  is  only  inter- 
mittent and  not  oscillatory. 


32.  The  Corona  and  the  Arc, — Electrical  discharges  in  gases 
at  pressures  near  that  of  the  atmosphere  may  be  divided  into  five 
classes.    These  are: 

(1)  The  dark  discharge,  where  a  small  current  passes 
through  gas  without  making  itself  visible. 

(2)  The  glow  discharge,  where  a  larger  current  passes 
and  the  gas  in  the  immediate  neighborhood  of  the  electrodes 
becomes  faintly  luminous. 

(3)  The  brush  discharge,  such  as  that  from  points  where 
the  glow  is  irregular  and  extends  into  the  gas  some  distance 
ftrom  the  electrodes. 

(4)  The  spark  discharge,  which  is  a  transient  phenomenon 
bridging  the  whole  distance  between  the  electrodes,  accompanied 
by  a  bright  light  and  a  comparatively  large  current. 

(5)  The  arc,  in  which  a  large  current  passes  between 
the  electrodes  in  the  gas  and  the  ionized  vapors  of  the  electrodes 
producing  a  continuous  light. 

Any  one  of  the  first  forms  of  discharge  may  be  converted  into 
any  one  of  the  latter  forms  by  an  increase  in  the  potential  between 
the  electrodes,  depending  upon  the  nature  and  pressure  of  the  gas, 
and  the  spacing,  size,  capacity,  and  shape  of  the  electrodes. 

The  corona  may  be  classed  as  a  glow  discharge  like  the  positive 
wire  without  a  spark,  or  as  a  brush  discharge  like  the  negative  beads 
or  the  positive  streamers.  This  glow  or  brush  discharge  easily  goes 
over  into  the  arc,  and  in  the  following  paragraphs  this  transaction  will 
be  considered. 

It  has  often  been  observed  that  an  arc  easily  forms  in  the  tube 
when  the  line  switch  connecting  the  tube  is  opened,  especially  when 
the  wire  in  the  corona  tube  is  positive  and  a  fairly  large  current  is 
passing  in  the  discharge.  The  conclusions  drawn  from  the  available 
data  are  as  follows: 
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(1)  For  a  given  configuration  of  electrodes  the  arc-over 
takes  place  as  soon  as  the  current  has  reached  a  certain  value 
which  is  nearly  constant  for  all  pressures. 

(2)  Arc-over  occurs  at  lower  voltages  for  smaller  wires. 

(3)  At  low  pressures  arc-over  for  the  negative  wire  oc- 
curs at  less  voltage  than  for  the  positive  wire. 

(4)  At  high  pressures  (near  atmospheric)  arc-over  for 
the  positive  wire  takes  place  at  a  less  voltage  than  for  the  nega- 
tive wire. 

The  water  resistance  connected  between  the  generators  and  the 
main  bus  bar  was  replaced  by  a  0.5  ampere  fuse  in  order  to  see  if 
it  had  any  effect  on  the  corona  discharge  with  and  without  a  spark. 
The  visual  forms  were  studied  with  the  coaxial  cylinders  (the  inner 
one  being  No.  20  copper  wire)  as  well  as  with  parallel  (No.  20  cop- 
per) wires  as  electrodes. 

With  the  cylindrical  electrodes  the  general  results  obtained 
showed  that  the  usual  characteristic  visual  forms  of  the  corona  dis- 
charge were  not  materially  altered  for  positive  wire  or  for  nega- 
tive wire  with  and  without  a  series  spark.  The  only  noticeable 
change  was  an  increased  brightness  in  the  positive  uniform  glow, 
streamers,  and  negative  beads.  With  the  water  resistance  cut  out  the 
available  energy  was  increased  about  one  hundred  times  or,  in  other 
words,  to  10  kilowatts.  The  negative  beads  and  the  positive  stream- 
ers while  much  brighter  were  also  in  a  more  agitated  state  than  before 
the  increase  in  energy.  They  moved  rapidly  back  and  forth  on  the 
wire  and  would  go  over  into  the  arcing  stage  much  easier  than  they 
would  with  water  resistance  connected.  The  axial  wire  was  No.  20 
copper  tightly  stretched,  but  it  was  easily  set  into  violent  vibrations,  at 
739  mm.  pressure  and  12,700  volts,  within  a  few  seconds  after  closing 
the  line  switch.  The  applied  potential  fluctuated  at  times  as  much  as 
100  volts  and  the  result  was  a  more  unsteady  discharge.  The  water 
resistance  has  the  effect  of  damping  out  the  smaller  variations. 

The  ease  with  which  the  arc  formed  was  also  noticed  in  experi- 
ments with  No.  20  wires  strung  parallel  with  each  other,  placed  % 
inch  apart  and  sealed  into  a  glass  tube. 

With  hydrogen  it  was  noticed  that  when  the  wire  was  at  a  given 
potential  above  the  critical  glow  voltage,  the  current  in  the  beads 
would  increase  with  the  time,  the  beads  would  increase  in  size*  and 
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in  a  short  time  would  combine  to  form  an  arc.    Detailed  observations 
were  made  on  this  point. 

After  the  switch  was  closed,  several  beads  were  formed  which 
soon  combined  into  one  much  larger  and  brighter,  as  shown  in  Fig. 
58.  This  bead  seemed  to  take  hold  on  the  wire  at  a  surface  irregu- 
larity and  remained  fixed.  A  bright  reddish  spot  on  the  wire  formed 
the  base  of  the  bead,  while  a  bright  blue-white  core  extended  from 
this  spot  toward  the  bright  spots  on  the  edge  of  the  observation  slot 
and  shaded  oflf  into  a  milky  glow  or  brush.  As  time  proceeded  the 
core  grew  larger  and  brighter  and  the  milky  glow  of  the  brush 
reached  farther  toward  the  tube,  as  in  £.  Soon  a  faint  reddish  glow, 
C,  appeared  in  the  gas,  proceeded  from  the  bright  spots  on  the  tube, 
and  extended  toward  the  bead.    This  glow  continued  to  increase  in 


Fio.  58.    Evolution  op  Beads  into  the  Arc 
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Fio.  59.    Current  Increase  with  Time  tor  Positive  Streamers 

brightness  for  a  short  time  until  the  arc,  Z>,  flashed  into  existence. 
The  arc  had  a  very  bright  tubular  blue-white  core  surrounded  by  a 
hazy  reddish  glow  and  extended  from  a  bright  reddish  spot  on  the 
wire  to  bright  white  on  the  tube.  The  negative  beads  and  perhaps 
the  positive  streamers  may  be  spoken  of  as  miniature  or  beginning 
arcs  which  unite  to  form  a  single  arc  when  the  current  density 
reaches  a  certain  value. 

The  curve  in  Fig.  59  will  serve  to  show  how  the  current  in  the 
streamers  increases  vrith  the  time.  At  a  potential  of  11,850  volts, 
somewhat  above  that  for  starting  corona  glow  in  air  at  751  mm. 
pressure,  a  spark  gap  of  0.18  mm.  length  was  placed  in  series  with 
the  tube.    Eeadings  of  the  current  were  taken  at  intervals  of  5  sec- 
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onds  and  when  plotted  resulted  in  the  given  curve.  An  arc  passed 
shortly  after  20  seconds,  but  the  maximum  current  before  it  occurred 
was  not  obtained. 

The  increase  of  the  current  depends  largely  on  the  sparking  dis- 
tance and  on  the  applied  voltage  (see  curve  a,  Fig.  60).  When 
the  spark  distance  from  zero  is  increased,  the  current  for  the  positive 
corona  decreases  accompanied  by  a  decreased  brightness  of  the  uni- 
form glow,  reaches  a  minimum  value,  and  as  the  streamers  appear 
rises  to  a  maximum  rapidly  and  falls  oflf  to  zero  for  a  large  spark 
distance.  The  streamers  are  brightest  at  the  maximum  current  value 
and  are  always  connected  with  a  large  current.  The  corresponding 
n^ative  curves  show  no  such  a  maximum,  with  increasing  voltage 
the  positive  current  increases  very  rapidly. 

In  order  to  test  the  relative  magnitude  of  the  current  due  to  the 
accumulation  of  ions  and  that  due  to  the  spark,  a  current-spark  dis- 
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Fig.  61.    Characteristic  Curves  with  and  without  Series  Spaek 

tance  curve  vs^as  taken,  when  the  tube  was  closed,  and  another  whcD 
a  small  current  of  air  was  passing  through  the  tube  sweeping  out  some 
of  the  ionized  gas. 

The  curves  are  given  in  Fig.  60,  curve  a,  being  taken  with  the 
tube  closed  using  a  potential  of  11,850  volts,  and  curve  6  with  a  stream 
of  air  passing  which  necessitated  a  higher  corona  voltage;  namely, 
13,100  volts. 
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Curve  6  still  haa  the  characteristic  maximum  in  the  curve,  but 
it  is  very  much  reduced  in  size,  whereas  curve  a  has  a  very  pro- 
nounced maximum  of  a  large  value.  These  curves  portray  in  a  strik- 
ing manner  the  eflfect  a  short  spark  has  in  producing  a  very  great 
ionization  in  the  gas,  and  also  makes  it  easy  to  conceive  how  the 
positive  arc  takes  place  so  readily  when  the  switch  remains  closed 
for  a  little  time  or  is  suddenly  opened  while  a  large  current  is  passing 
in  the  tube. 

The  ordinary  characteristic  current-voltage  curves  as  obtained 
in  the  process  of  experiments  without  a  series  spark  give  the  nega- 
tive characteristic  as  lying  above  the  positive.  This  relative  position 
is  maintained  in  all  cases,  with  one  or  two  minor  exceptions. 

When  a  short  spark  is  placed  in  series  with  the  corona,  these 
positions  are  reversed  and  the  positive  curve  lies  above  the  negative, 
except  at  the  starting  point  where  the  curves  cross  and  give  a  lower 
starting  potential  for  the  negative  wire  (See  Pig.  61).  The  starting 
potential  with  the  spark  in  series  is,  however,  higher  than  for  the 
other  case.  It  might  be  pointed  out  also  that  the  characteristics  taken 
with  a  series  spark  are  more  widely  separated  than  those  taken  with- 
out, and  thus  they  show  a  wider  variation  in  the  current  ftrom  the 
positive  and  negative  wires  for  a  given  voltage. 

It  was  found  when  the  spark  gap  was  closed  while  current  was 
flowing  that  the  current  would  drop  in  a  short  time  to  a  position  on 
the  ordinary  characteristic  curve.  If  the  wire  is  positive  at  11,000 
volts  and  a  0.12  mm.  spark  is  in  series,  for  instance,  a  current  of 
6.2*  10— '^  amperes  will  flow.  Short-circuiting  the  spark  gap  will  cause 
the  current  to  drop  to  the  value  4.6'10— '^  amperes  which  is  a  point 
on  the  ordinary  positive  characteristic  curve.  Similarly  by  short- 
circuiting  the  spark  gap  when  the  wire  is  negative  the  current  will 
increase  to  a  value  which  lies  on  the  ordinary  negative  characteristic. 
These  observations  again  show  that  the  positive  streamers  carry  a 
large  current. 

Without  a  spark  gap  in  series  with  the  tube,  the  ordinary  uni- 
form positive  glow  is  formed  by  ionization  in  the  gas  near  the  wire 
where  the  field  strength  is  greater  than  thirty  kilovolts  per  centimeter, 
the  current  being  carried  by  both  positive  and  negative  ions.  The 
usual  negative  corona  discharge  begins  critically  as  a  uniform  glow 
similar  to  that  of  the  positive  discharge  but  has  a  greater  thickness. 
The  brushes  or  negative  beads,  soon  formed  by  a  slight  potential 
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increase,  bear  a  similarity  to  the  arc.  This  fact,  in  addition  to  the 
position  of  the  negative  characteristic  curves  and  to  the  influence 
which  the  surface  condition  and  the  material  of  the  wires  have  on  the 
beads,  leads  to  the  belief  that  an  electron  emission  is  present  in  addi- 
tion to  ionization  by  collision  in  the  gas. 

The  case  is  somewhat  different  when  a  series  spark  gap  is  used. 
The  corona  tube  may  be  considered  as  a  leaky  condenser  connected 
in  series  with  a  spark  gap  and  a  constant  source  of  high  potential. 
A  charge  will  build  up  to  the  condenser  until  the  potential  difference 
of  the  spark  gap  is  sufficient  to  break  down  the  air  between  the 
electrodes.  An  instantaneous  unidirectional  current  will  glow  across 
the  spark  gap  and  at  the  same  time  the  potential  across  the  tube 
will  increase  to  a  point  where  the  corona  is  formed.  The  current 
now  passing  through  the  tube  will  immediately  reduce  the  potential 
of  the  spark  gap  below  its  critical  point  and  the  circuit  will  be  broken. 
The  process  is  then  repeated. 

The  more  nearly  uniform  appearance  of  the  negative  corona  can 
now  be  explained  as  a  super-imposed  building-up  and  decay  of  the  nega- 
tive glow  discharge  through  its  different  stages  as  the  potential  on  the 
tube  fluctuates.  The  positive  streamers  have  at  times  been  observed 
at  critical  voltages  on  rough  wires  when  no  spark  was  in  series. 
These  streamers  are  similar  to  the  positive  brush  discharges  observed 
from  pointed  electrodes  maintained  at  high  positive  potentials.  Their 
characteristic  presence  in  the  corona  tube  when  a  spark  is  in  series 
is  due  probably  to  the  sudden  impression  of  a  strong  field  and  may 
be  accompanied  by  a  discharge  of  positive  metallic  ions,  since  it  has 
been  observed  that  the  surface  of  the  wire  becomes  disintegrated  at 
points  where  these  streamers  are  maintained. 

The  following  conclusions  have  been  made: 

(1)  A  spark  gap  in  series  with  the  discharge  tube  affects  the 
positive  and  negative  corona  in  very  characteristic  and  striking  ways. 

(2)  The  changes  are  due  to  intermittent  currents. 

(3)  A  hot-lime- cathode  Braun  tube  has  been  developed 
and  used  in  observing  the  weak  pulsating  currents  which  pass 
through  the  spark  and  the  corona  tube. 

(4)  Evidence  has  been  given  to  show  the  relation  of  the 
corona  to  the  arc  discharge. 

(5)  An  attempt  at  an  explanation  of  the  pulsating  current 
has  been  made. 
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CHAPTER  XI 
Other  Types  of  Corona  Discharge 

Two  wires,  0.167  mm.  in  diameter,  were  arranged  parallel,  two 
centimeters  apart,  inside  a  glass  tube.  Photographs  given  in  Fig.  62 
were  taken  showing  the  discharge  between  parallel  wires  at  reduced 
pressures  with  and  without  a  series  spark.  The  three  lower  half-tones 
show  the  typical  isolated  brush  discharge  on  the  negative  wire  with 
corresponding  luminous  sections  of  the  positive  wire.  The  negative 
brushes  had  a  brilliant  nucleus  with  a  fainter  glow  spreading  out 
from  it.  For  pressures  lower  than  those  for  which  the  photographs 
were  taken,  the  discharge  became  more  brilliant.;  the  brushes  spread 
farther  apart  and  increased  in  size.  Each  section  of  the  positive 
glow  was  usually  of  uniform  brilliancy.  For  comparatively  low  pres- 
stjCres  and  high  voltage  the  positive  sections  became  somewhat  dis- 
continuous, and  bright  spots  mixed  with  the  uniform  glow. 

Two  No.  36  wires  were  stretched  three  centimeters  apart  over 
hard  rubber  bridges  in  order  to  be  parallel  and  the  discharge  between 
them  was  studied.  When  the  visible  discharge  was  fairly  started, 
it  took  the  form  of  a  uniform  continuous  glow  along  the  negative 
wire.  It  was  discovered  that  the  humidity  of  the  air  had  a  marked 
effect  upon  the  discharge. 

The  introduction  of  a  short  spark  in  series  made  a  marked  change 
in  the  nature  of  the  discharge.  Both  wires  were  more  or  less  com- 
pletely covered  with  a  nearly  uniform  glow  and  there  was  no  longer 
any  marked  difference  between  positive  and  negative  (see  Fig.  62). 
At  low  pressures  and  relatively  high  voltage  the  discharge  between 
the  wires  resembled  a  sheet  of  luminous  rain.  An  intermediate  effect 
had  bluish  streamers  between  the  wires. 

A  platinum  tip  was  arranged  to  be  moved  from  one  wire  to  the 
other  and  thus,  as  shown  in  Chapter  VII,  the  distribution  of  potential 
between  the  wires  was  determined.  Three  explorations  were  made, — 
namely,  when  the  voltages  were  8,000,  10,000,  and  12,000  volts. 

Fig.  63  shows  the  curves  for  the  field  distribution  and  also  the 
distribution  of  the  field  as  calculated  from  the  electrostatic  formula. 
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going.     The  characteristic  curves  also  are  similar  to  those  obtained 
with  wire  and  cylinder. 

The  experimental  knowledge  of  the  corona  is  still  very  incom- 
plete. Little  has  so  far  been  done  in  the  spectroscopic  analysis  of  the 
various  light  phenomena  which  accompany  the  corona.  It  has  been 
found,  for  instance,  that  the  negative  beads  in  hydrogen  do  not  give 
the  characteristic  series  lines  of  hydrogen,  but  rather  a  continuous 
band  in  the  red  and  yellow  region  of  the  spectrum.  It  is  hoped  the 
knowledge  in  this  field  will  be  increased  in  a  short  time.  Mechanical 
vibrations  of  the  wires  and  an  electric  wind  have  been  mentioned 
occasionally,  but  these  phenomena  also  require  further  stndy. 
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THE  RELATION  BETWEEN  THE  ELASTIC  STRENGTHS  OF 
STEEL  IN  TENSION,  COMPRESSION,  AND  SHEAR 


I.    Introduction 

1.  Preliminary, — This  bulletin  presents  the  results  of  experi- 
ments with  six  grades  of  steel,  three  carbon  steels  and  three  alloy 
steels;  namely,  soft,  mild,  and  medium  carbon  steel;  and  vanadium, 
aickel,  and  chrome-nickel  alloy  steel.  The  elastic  strength  in  tension, 
in  compression,  and  in  shear  is  given  for  each  of  the  six  grades  of 
steel  The  elastic  strength  in  shear  is  found  from  tests  in  torsion  with 
solid  cylindrical  specimens  and  with  thin-walled  hollow  cylindrical 
specimens.  Furthermore,  a  factor  is  found  by  the  use  of  which  the  true 
or  correct  shearing  elastic  strength  may  be  calculated  from  the  elastic 
strength  obtained  from  a  test  of  a  solid  specimen.  The  ratio  of  this 
true  elastic  shearing  strength  to  the  elastic  tensile  strength  is  given 
for  each  grade  of  steel  and  its  bearing  on  the  theory  of  combined  stress 
is  discussed.  The  ratio  of  the  elastic  tensile  strength  to  the  elastic 
compressive  strength  is  also  given  and  the  effect  of  the  amount  of 
rolling  upon  the  elastic  tensile  and  compressive  strengths  is  discussed. 
The  eflfcct  of  the  direction  of  rolling  upon  all  three  elastic  strengths 
is  considered  for  one  of  the  materials ;  namely,  nickel  steel. 

Our  knowledge  of  the  breakdown  of  elastic  action  of  ductile 
materials,  particularly  in  the  case  of  combined  loading,  is  far  from 
complete.  The  various  theories  of  combined  stress  lead  to  results 
which  differ  rather  widely  when  applied  to  various  machine  parts  or 
to  structural  elements,  such  as  thick  cylinders,  flat  plates,  crank 
shafts,  webs  of  girders,  etc.  The  maximum  shear  theory  of  combined 
strejfs  for  ductile  materials  as  expressed  by  Guest's  law,  which  has 
gained  rather  wide  acceptance  in  recent  years,  assumes  that  the  elastic 
shearing  strength  is  one-half  of  the  elastic  tensile  strength.  Available 
experimental  results,  however,  have,  in  general,  failed  to  justify  this 
assumption.  The  importance  of  the  limitation  imposed  by  the  shear- 
ing stress  upon  the  elastic  strength  of  ductile  material  is,  of  course, 
generally  recognized.  If  the  maximum  strain  theor}'  holds  until  the 
shearing  yield  point  is  reached,  as  is  indicated  in  recent  tests,*  it  is  of 

*8ee  Bulletin  No.  85,  Engrineering  Experiment  Station,  CTniTersity  of  Illinois,  "Strength 
*nd  Stiffnew  of  Steel  under  Biaxial  Loading,"  by  A.  J.  Becker. 
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special  importance  to  know  the  relation  between  the  shearing  and  the 
tensile  (and  compressive)  elastic  strengths  for  various  grades  of  duc- 
tile and  semi-ductile  steels.  The  main  object  of  the  investigation 
herein  recorded  was  to  determine  carefully  the  elastic  shearing 
strength  of  ductile  and  semi-ductile  steel  and  to  find  the  ratio  of  the 
elastic  shearing  strength  to  the  elastic  tensile  strength  with  the  hope 
that  definite  information  would  thereby  be  obtained  on  the  breakdown 
of  the  elastic  action  of  various  grades  of  steel  and  on  the  limits  of  the 
theories  of  combined  stress. 

Apart  from  the  problem  of  combined  stress  there  has  been  also  a 
lack  of  knowledge  of  the  correct  elastic  shearing  strength  of  various 
grades  of  steel  and  of  the  general  nature  of  elastic  shearing  failure 
as  well  as  of  methods  of  determining  the  correct  shearing  strength 
from  tests. 

The  facts  brought  out  in  connection  with  the  elastic  compressive 
strengths  of  the  various  materials  tested  should  also  add  to  our  know- 
ledge of  the  elastic  behavior  of  steel  and  it  is  felt  that  questions  are 
raised  which  may  become  of  considerable  importance.  There  is  some 
evidence  indicating  that  the  amount  of  rolling  (roughly  indicated  by 
the  thickness  of  the  rolled  material)  may  become  an  important  factor 
in  the  selection  of  the  proper  criterion  of  elastic  strength  as  well  as 
in  estimating  the  elastic  compressive  and  shearing  strengths  from  a 
tension  test.  This  question  may  be  of  considerable  importance  in  con- 
nection with  compression  members  and  with  certain  cases  of  combined 
stress.  It  may  also  have  an  important  bearing  on  the  problem  of  the 
fatigue  of  steel  under  repeated  stress. 

The  severe  uses  under  the  many  and  varied  new  conditions,  such 
as  have  arisen  during  the  war,  and  the  development  of  new  require- 
ments for  machine  parts  have  brought  out  the  need  for  fuller  informa- 
tion on  the  physical  properties  of  carbon  and  alloy  steel.  This  bulletin 
is  presented  as  a  contribution  toward  filling  this  need. 

2.  Acknowledgment. — All  of  the  experimenting  was  done  in 
the  Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois. 
Acknowledgment  is  made  to  Professors  A.  N.  Talbot  and  H.  P.  Moobl 
for  the  interest  shown  and  helpful  suggestions  offered  during  the  in 
vestigation.  Some  preliminary  experimenting  had  been  done  by 
Professor  Moore  to  determine  the  merits  of  various  forms  of  shear 
specimens.  This  work  was  found  to  be  of  considerable  value  in  plan- 
ning certain  parts  of  the  investigation  herein  described. 
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U.    Materials,  Test  Specimens,  and  Method  of  Testing 

3.  Materials. — As  already  stated,  six  grades  of  steel  were  tested ; 
namely,  soft,  mild,  and  medium  carbon  steel,  and*  vanadium,  nickel, 
and  chrome-nickel  alloy  steel.  Chemical  analyses  were  made  of  the 
nickel  steel  and  the  chrome-nickel  steel  only.  All  of  the  material 
except  the  nickel  and  the  chrome-nickel  steel  was  bought  in  the  open 
market.  The  nickel  steel  specimens  were  cut  from  one  of  the  ends  of 
the  untested  riveted- joint  test  specimens  made  for  the  Board  of  En- 
gineers of  the  Quebec  Bridge.  (The  other  riveted- joint  specimens 
were  tested  at  the  University  of  Illinois  and  a  report  of  the  tests  was 
made  in  Bulletin  No.  49  of  the  Engineering  Experiment  Station.)  The 
chrome-nickel  steel  specimens  were  made  from  %-inch  square  bars  of 
the  same  material  as  that  used  in  the  chrome-nickel  steel  riveted-joint 
specimens  also  described  in  Bulletin  No.  49  referred  to  above.  The 
ehemical  analyses  of  these  two  alloy  steels  as  reported  in  Bulletin  No^ 
49  are  given  in  Table  I. 

Table  1 
Chemical  Composition  op  Nickel  and  Chrome-Nickel  Steel 


Element 

Nickel  Steel 
Per  Cent 

Chrome-Niokel  Steel 
Per  Cent 

Carbon 

Solphur 

Pbon>horu8 

Mansanfte 

0.258 
0.008 
0.044 
0.700 
3.330 

0.191 
0.035 
0.042 
0.486 
0.733 
0.170 

Nkkfll 

Chromium 

All  of  the  specimens  of  chrome-nickel  steel  did  not  come  from  the 
same  bar.  Three  different  bars  rolled  from  the  same  heat  were  used. 
The  medium  steel  specimens  were  made  from  two  bars  supposed  to  be 
of  the  same  material  and  billed  as  40-point  carbon  steel.  The  speci- 
mens of  each  of  the  other  four  materials  were  made  from  the  same  bar 
or  piece.  All  of  the  material  was  hot-rolled  only.  No  cold-roUed 
material  was  used.  The  specimens  of  soft  steel  came  from  a  bar  3V^ 
inches  in  diameter  by  20  feet  in  length.    The  mild  steel  specimens  and 
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also  the  vanadium  steel  specimens  were  cut  from  a  bar  %.  inch  in 
diameter  by  16  feet  in  length ;  the  nickel  steel  specimens  were  cut  from 
a  slab  2  inches  in  thickness  by  T^  inches  in  width.  The  large  soft 
steel  bar  (3i/^  inches  in  diameter)  was  used  in  order  to  obtain  large 
torsion  specimens  as  well  as  small  ones. 

Although  the  chemical  analysis  of  all  of  the  materials  tested  caii 
not  be  given,  the  range  of  material  used  is  well  indicated  by  the  elastic 
tensile  strengths  as  given  in  Table  2.  While  some  of  the  material 
used  did  not  have  a  well  defined  yield  point,  yet  all  six  grades  of  steel 
are  considered  to  be  ductile  or  semi-ductile  material  since  the  tensib 
fractured  area  in  all  cases  showed  a  considerable  reduction. 

Table  2 
Elastic  Tensile  Strengths  op  Materials  Used 


Materials 

Elastic  Strentth* 
lb.  per  sq.  in. 

Carbon 
Steel 

Soft 

21  000 

Mild 

32  800 

Medium , 

45  000 

Vanadium 

52  500 

Alloy 

Nickel 

38  000 

Steel 

Chrome-nickel 

35  300 

*Proportional  limit  (see  Fig.  5)  is  here  used  as  a  measure  of  the  elastic  strength. 

4.  Test  Specimens. — Tension,  compression,  and  shear  (torsion) 
specimens  were  made  from  each  of  the  six  materials.  Both  solid  and 
hollow  cylinders  were  used  for  the  torsion  specimens ;  hollow  specimeDS 
of  three  different  wall  thicknesses  were  tested.  In  general  from  three 
to  nine  specimens  of  each  type  were  tested  for  each  material.  The 
total  number  of  specimens  tested  was  160,  exclusive  of  a  considerable 
number  used  in  preliminary  tests  in  perfecting  the  measuring  appar- 
atus. In  obtaining  specimens  from  a  bar,  care  was  taken  to  cut  the 
specimens  in  rotation  so  as  to  avoid  the  effects  of  any  systematic  varia- 
tion in  the  properties  of  the  material  along  the  bar.  In  the  case  of 
nickel  steel,  specimens  were  cut  from  a  slab  2  inches  thick  by  7^4  inches 
wide  in  such  a  way  that  the  longitudinal  axes  of  some  of  the  specimens 
were  parallel  to  the  direction  in  which  the  slab  was  rolled,  while  the 
longitudinal  axes  of  other  specimens  were  perpendicular  to  the  direc- 
tion of  rolling.  Large  torsion  specimens  both  solid  and  hollow,  as 
well  as  small  onas,  were  made  from  the  3%-inch  bar  of  soft  steel. 
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Ho/ioH^  Torsion  Specimen 
Fio.  1.    Form  and  Dimensions  of  Small  Test  Specimens 

Pig.  1  gives  the  dimensions  of  the  small  specimens  used  for  all  the 
materials  and  Fig.  2  gives  the  dimensions  of  the  large  specimens  of 
soft  steel.  Pig  3  shows  some  of  the  specimens  both  before  and  after 
testing  and  also  the  apparatus  used  for  measuring  the  thickness  of 
the  walls  of  the  small  hollow  specimens.  The  length  of  the  small  hollow 
specimens  was  limited  by  the  length  of  the  ^-inch  hole  which  could 
be  drilled  through  the  specimens  from  one  end.  The  large  hollow 
specimens  were  first  drilled  from  both  ends  and  then  bored  out  to  the 
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Fig.  3.    View  of  Some  of  the  Specimens 
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Fig.  4.    View  or  Dkpoemation  Measurinq  Apparatus 
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desired  inner  diameter.  After  the  desired  inner  diameter  was  obtained, 
each  specimen,  whether  small  or  large,  was  mounted  on  a  mandrel 
and  the  outside  diameter  turned  down^to  the  required  dimension. 
The  wall  thickness  of  the  hollow  specimens  was  measured  at  four 
points,  90°  apart,  around  each  of  four  sections  along  the  length  of 
the  specimens.  The  outside  diameters  at  each  of  the  four  sections 
were  also  taken  and  the  smaUest  cross  section  was  used  in  the  calcula- 
tions. The  wall  thickness  could  be  read  to  0.0001  inch.  In  the  case  of 
the  lai^e  hollow  specimens  the  wall  thickness  was  found  in  the  same 
way  although  larger  apparatus  was  required. 

5.  Tension  Tests. — The  tension  test  specimens  were  made  with 
threaded  ends  and  with  a  diameter  of  ^  inch  (see  Figs.  1  and  2). 
A  2-inch  gage  length  was  used  with  all  the  specimens  except  those  of 
soft  steel  with  which  a  gage  length  of  8  inches  was  used.  The  long 
specimens  of  soft  steel  were  used  in  order  to  determine  the  modulus 
of  elasticity  more  accurately  than  could  be  done  with  specimens  hav- 
ing a  2-incIi  gage  length.  The  modulus  of  elasticity  or  stifEness  of  the 
various  materials,  however,  is  not  discussed  in  this  bulletin. 

All  of  the  tension  tests  were  made  in  a  100  000-pound  Biehle 
universal  testing  machine  which  had  been  calibrated  over  the  range 
used  in  these  experiments.  Spherical  seated  holders  were  used  in  all 
of  the  experiments. 

The  extensometers  used  are  shown  in  Pig.  4.  The  unit-elonga- 
tion could  be  read  directly  to  0.00025  inch  per  inch  when  using  a 
1/1000-inch  Ames  dial  for  a  2-inch  gage  length,  or  to  0.000025 
inch  per  inch  when  using  a  1/10  000-inch  Ames  dial.  Both  dials 
were  used  but  it  was  found  that  there  was  little  advantage  in  using 
the  more  sensitive  dial.  The  unit-elongation  could  be  estimated  to 
one-tenth  of  the  above  values. 

6.  Compression  Tests. — The  compression  test  specimens  in  nearly 
all  cases  were  made  with  a  diameter  of  %  inch  and  with  a  length 
of  3^  inches  to  4  inches  as  shown  in  Figs.  1  and  3.  A  gage  length  of  2 
inches  was  used  in  all  cases  and  the  deformation  measuring  apparatus 
was  the  same  as  that  used  in  the  tension  tests.  Care  was  taken  to 
square  off  the  ends  of  the  specimens  in  the  lathe  so  that  they  were 
smooth  and  perpendicular  to  the  axis  of  the  specimens.  Each  speci- 
men was  carefully  centered  in  a  100000-lb.  Riehle  universal  testing 
machine  by  means  of  a  templet ;  spherical  seated  bearing  blocks  were 


Digitized  by  VjOOQ  IC 


14  ILLINOIS  ENQINEEBINO  EXPERIMENT  STATION 

used.  The  testing  machine  had  been  calibrated  over  the  range  used 
in  these  experiments  and  for  a  considerable  number  of  tests  it  was  the 
same  machine  as  was  used  for  the  tension  tests.  The  length  of  8i>eci- 
men  used  (3V^  inches  to  4  inches)  corresponds  to  a  slendemess  ratio 
value  of  19  to  21.  In  most  cases  the  specimen  failed  as  a  flat-ended 
column  (see  Fig.  3).  It  is  felt  that  with  the  very  careful  centering 
the  real  elastic  strength  of  the  material  was  developed  in  all  cas^ 
although  the  ultimate  compressive  strength  showed  considerable  varia 
tion. 

7.  Torsion  Tests. — After  some  preliminary  study  and  exi)eri- 
menting,  a  torsion  test  of  a  cylindrical  specimen  was  decided  upon 
as  being  the  most  satisfactory  means  for  determining  the  elastic  shear- 
ing strength  of  the  material.  Both  solid  and  hollow  cylindrical  8x>eci- 
mens  were  used.  The  small  hollow  specimen  (see  Pigs.  1  and  3)  were 
made  with  three  different  dimensions  of  the  wall  thickness  for  several 
of  the  materials ;  namely,  1/32  inch,  1/16  inch,  and  1/8  inch  (approxi- 
mate dimensions),  the  nominal  inside  diameter  being  ^  inch  for  eadi 
specimen.  A  wall  thickness  of  1/32  inch  makes  it  possible  to  deter- 
mine, very  closely,  the  true  elastic  shearing  strength  of  the  material. 

In  the  case  of  soft  steel,  large  solid  and  hollow  specimens  were 
made  from  the  3^-inch  bar  in  addition  to  the  small  specimens  already 
described.  These  large  specimens  were  14  inches  long  with  a  gage 
length  of  5  inches  and  with  a  length  of  8  inches  between  shoulders. 
The  diameter,  between  shoulders,  of  the  first  large  specimens  made 
was  2%  inches  for  both  the  solid  and  the  hollow  specimens.  Prom  the 
results  of  the  tests,  however,  it  was  at  first  thought  that  the  specimens 
were  not  long  enough ;  hence  one  solid  specimen  was  made  20  inches 
long  and  tested,  but  the  results  showed  no  effect  due  to  the  changed 
length.  Three  solid  specimens  were  then  made,  1%  inches  in  diameter, 
for  which  the  load  on  the  machine  at  the  yield  point  would  be  about 
the  same  as  for  the  hollow  specimens.  The  effect  of  this  change  is 
discussed  later.  The  large  hollow  specimens  were  made  in  two  sizes; 
namely,  with  a  wall  thickness  of  %  inch  and  an  outside  diameter  of 
2%  inches  and  with  a  wall  thickness  of  3/16  inch  and  an  outside  di- 
ameter of  2%  inches,  as  shown  in  Figs.  2  and  3.  In  testing  the  former, 
plugs  had  to  be  fitted  into  the  ends  to  keep  the  ends  from  collapsing 
in  the  grips,  while  in  testing  the  latter  this  method  was  not  necessary. 
The  ratio  of  the  wall  thickness  of  the  hollow  specimens  to  the  diameter 
for  the  thinner  walled  specimens  is  about  the  same  for  the  large  speei- 
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mens  as  for  the  small  ones,  the  value  of  the  ratio  being  approximately 
lto20. 

All  of  the  large  specimens  were  tested  in  a  230  000-inch-pound 
Olsen  torsion  testing  machine,  while  the  small  specimens  were  tested 
in  a  Biehle  hand  power  pendulum  torsion  testing  machine.  A  special 
light  pendulum  was  used  in  the  Riehle  machine  for  the  hollow  thin- 
wHlled  specimens  and  special  apparatus  was  made  for  measuring  the 
load.    Both  torsion  machines  were  calibrated  carefully. 

All  of  the  small  specimens  from  the  3^-inch  bar  of  soft  steel  were 
made  by  first  cutting  a  14-inch  length  of  the  bar  longitudinally  into 
quarters  and  turning  the  small  specimens  from  one  or  more  of  the 
quarters. 

The  apparatus  for  measuring  the  deformation  in  the  torsion  tests 
is  shown  in  Pig.  4.  Both  a  1/1000-inch  and  a  1/10  000-inch  dial  were 
used  on  each  apparatus,  so  that  a  considerable  range  in  sensitiveness 
was  obtained  to  suit  the  variations  in  wall  thickness,  etc. 


Digitized  by  VjOOQ  IC 


16  ILLINOIS  ENOINEEBINO  EXPEEIMENT  STATION 


III.    Experimental  Data  and  Discussion 

8.  Criteria  of  Elastic  Strength'. — ^Perhaps  the  best  indication  of 
the  elastic  strength  of  a  material  is  the  elastic  limit ;  that  is,  the  g^reatest 
unit-stress  which  the  material  can  resist  without  taking  a  i)ennanent 
set.  The  process  of  determining  the  elastic  limit,  however,  is  so  long 
that  it  was  considered  impracticable  for  the  purposes  of  this  investiga- 
tion. 

For  the  purpose  of  the  comparison  of  the  elastic  strengths  of 
various  materials  or  of  the  same  material  under  different  types  of 
stress  any  one  of  several  unit-stresses  as  represented  on  the  stress- 
strain  curve  may  be  used.  Three  such  points  on  the  stress-strain 
curve  are  used  in  this  investigation;  namely,  the  proportional  limit 
(sometimes  called  proportional  elastic  limit),  the  yield  point,  and  a 
point  between  the  proportional  limit  and  the  yield  point  called  the 
semi-elastic  point  or  the  useful  limit  point.  It  is  assumed  that  elastic 
action  only  takes  place  until  the  proportional  limit  is  reached,  while 
plastic  action  only  occurs  at  the  yield  point.  Any  point  on  the  stress- 
strain  curve  between  the  proportional  limit  and  the  yield  point  cor- 
responds to  an  action  in  the  material  which  is  partly  elastic  and  partly 
plastic.  Several  arbitrary  methods  have  been  proposed  for  conveni- 
ently locating  such  a  point.  The  semi-elastic  point  or  useful  limit 
point  used  in  this  investigation  is  defined  as  the  unit-stress  at  which 
the  rate  of  deformation  is  100  per  cent  greater  than  at  zero-stress. 
This  point  was  used  by  the  Committee  of  the  American  Society  of  Civil 
Engineers  in  the  analysis*  of  the  tests  of  large  built-up-columns  and 
is  very  similar  to  Johnson's  apparent  elastic  limit. t  In  Pig.  5  the 
point  U  represents  the  useful  limit  point  which  is  found  by  first  lay- 
ing off  KN  equal  to  two  times  KM  and  then  drawing  a  line  parallel 
to  ON  tangent  to  the  stress-strain  curve,  the  point  of  tangency  being 
V.    Fig.  5  also  shows  the  proportional  limit  and  yield  point. 

In  the  study  of  the  elastic  failure  of  the  materials  tested,  the  three 
criteria  of  elastic  strength  mentioned  above  (porportional  limit,  useful 
limit  point,  and  yield  point)  taken  together  furnish  a  safer  guide 
than  any  one  alone.    The  elastic  strengths  of  the  materials  tested  as 


*Proc.  A.  S.  0.  B.  Dec..  1917. 

fJohnion:    The  MaterUli  of  Conetmetlon,  p.  10.  1918. 
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Fio.  5.    Typical  Stress-Strain  Diagram  Showing  the  XJsetul  Limit  Point 


indicated  by  each  of  these  three  criteria  for  tension,  for  compression, 
and  for  shear  are  given  in  Tables  3,  4,  and  5  for  the  individual  speci- 
mens while  the  averages  are  given  in  Table  6. 

9.  Shearing  Strengths. — ^As  has  already  been  stated,  the  elastic 
strength  in  shear  was  found  from  tests  of  solid  cylindrical  torsion 
specimens  and  from  thin-walled  hollow  cylindrical  specimens. 

It  has  been  commonly  recognized  that  the  yield  point  in  shear 
as  found  from  the  test  of  a  solid  cylindrical  torsion  specimen  does  not 
represent  the  correct  shearing  yield  point  of  the  material  since  all  of 
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Tablk  3 
Rbsui/ts  or  Tension  Tests 

Gage  length  2  in.    Diameter  H  in-  except  at  noted.    Streai  In  lb.  per  aq.  in. 


Material 

Mark 

Propor- 
tional 
Limit 

Useful 
Limit 
Point 

Tiekl 

Point 

8^ 

Ulti- 
mate 
Strength 
8u 

Elonga- 
tion 
Per 
Cent 

Reduo- 

tioa 
olArea 

Cent 

Soft  steel 
(diameter  H  in.) 

M3-ld 
M3-T 
M3-2d 
M3-3d 

Average 

21000 
22  500 
20  500 
20  000 

24  000 
27  000 

24  000 

25  000 

29  000 
29  000 
28  000 
27  500 

56  100 
53  100 
56  000 
56  200 

30. O* 
50. 0 

27. O* 
29.8* 

50.6 
57.6 
53.5 
55.5 

21000 

25  000 

28  400 

55  400 

28. 9* 

54.3 

Mild  steel 

3 
11 
15 

7 

Average 

33  000 
33  000 

32  000 

33  000 

33  000 
33  000 

32  000 

33  000 

33  000 
35  500 

32  500 

33  500 

54  900 

55  500 
55  000 
54  300 

45.3 
42. 0 
44.0 
43.6 

68.8 
70.0 
60.0 
63.8 

32  800 

32  800 

33  600 

54  900 

43.7 

67.9 

Medium  steel 

4-3 

4-7 

Average 

46  000 
44  000 

46  000 
44  000 

46  500 
45  000 

77  900 

78  100 

33.5 
33.5 

57.6 
57.6 

45  000 

45  000 

45  800 

78  000 

33.5 

57.6 

Vanadium  steel 

V-1 
V-3 
V-7 
V-15 

Average 

53  500 
53  000 
50  000 
53  500 

56  000 
54  500 

56  000 

57  000 

60  500 
50  000 
50  000 
63  000 

109  500 
108  000 
108  000 

110  000 

25.0 
23.5 
23.5 
15. et 

50  8 
50.8 
52.0 

34. 5t 

52  500 

55  000 

60  400 

109  000 

24.0 

51.2 

Nickel  steel 

Stress  parallel  to  direction  of 
rolling 

P-1 

P-2 

Average 

35  500 
38  500 

39  000 

40  000 

47  000 
47  000 

87  800 

88  000 

28.5 
28.0 

57.5 
55.2 

37  000 

39  500 

47  000 

87  900 

28.3 

56.4 

Nickel  steel 

Stress  perpendicular  to  direc- 
tion of  rolling 

C-1 

C.2 

C2-ld 

Average 

39  000 
41000 
36  500 

40  500 
41500 
40  000 

47  000 

48  000 
48  000 

86  500 
88  100 
88  500 

17.5 
24.0 
22.5 

36.0 
51.2 
30.0t 

38  800 

40  700 

47  700 

87  700 

21.3 

39.0 

Chrome-nickel  steel 

L-3 

5-C 

L-5 

8-C 
LS-ld 
L8-2d 

Average 

33  500 
30  500 
38  000 
28  000 
33  000 
36  500 

35  000 
32  500 
38  000 
30  500 

35  000 

36  500 

38  000 

35  500 
38  500 

36  000 

37  500 

38  000 

64  500 
67  500 
66  700 

65  500 

64  500 

65  000 

39.5 
37.5 
38.5 
34.0 
37.5 
38.0 

62.8 
58.8 
60.5 
64.0 
61.2 
61.6 

33  300 

34  600 

37  300 

65  600 

37.5 

61.5 

Hjago  length  8  in. 
fBroke  in  punch  mark. 
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Table  4 
Rbsui/ts  of  Compression  Tests 

Oace  lensth  2  in.     Approximate  diameter  H  in*     Length  of  specimen  3}4  in.  to  4  in.     Stress 
io   Ibw  per  aq.  in. 


Materia] 

Mark 

Proportional 
Limit 

Useful  Limit 
Point 

Yield 

Point 

8m 

Ultimate 
Strength 

Su 

Softatcel 

M-C 
M-lO 
M-S 

M-11 
M-T 
M.12 

Average 

25  500 
29  000 

26  000 

27  000 

26  600 

27  000 

25  500 
29  000 

26  000 

27  500 

26  600 

27  000 

26  200 
29  000 

27  200 
29  000 

27  000 

28  500 

46  400 
54  000 
45  000 
54  200 

47  400 
70  000 

26  800 

26  800 

27  800 

52  800 

Mikl  steed 

4 

8 
12 
16 

Average 

36  000 
36  000 
32  000 
35  000 

36  000 
36  000 
32  500 
35  000 

37  000 
36  500 
35  000 
35  500 

56  000 
61  000 
54  200 
58  700 

34  800 

34  900 

36  000 

67  500 

Medium  steel 

4-4 

4-8 

Average 

37  000 
45  500 

40  000 
45  oOO 

46  000 

47  000 

80  800 
82  300 

41  300 

42  800 

46  500 

81  600 

V-4 

V-S 

V-12 

V-1-0 

V-16 

Average 

56  000 
56  000 
56  000 
52  500 
51  000 

57  500 
68  500 

58  500 
55  000 
57  000 

64  000 

64  000 

65  000 
64  000 
63  500 

103  500 
111  500 

96  500 
106  000 

87  000 

54  300 

57  300 

64  100 

101  000 

ji^eicel  staeL     Stress  parallel 
to  direction  of  rolling 

P-3 
P.4 
P-C 
P-D 

Average 

42  000 
42  500 

36  000 

37  000 

46  000 

47  000 
40  000 
38  000 

49  000 
60  500 
48  500 
48  500 

65  200* 
99  500 
79  000 
86  600 

39  400 

42  800 

49  100 

88  400 

Kiekel   •ted     Stress   perpen- 
dicular to. direction  of  roll- 
izkS 

C-A 
C-B 
C-4 
C-6 
C-6 

Average 

38  500 
38  500 
38  500 
37  500 
40  500 

43  000 
41  500 
40  500 

40  000 

41  500 

47  500 

48  000 
50  000 
50  000 
50  000 

89  500 
95  200 
92  500 
71  OOOt 
61  OOOt 

38  700 

41  300 

49  100 

92  400 

Chrome-nickel  steel 

L-3 
L5-ld 

5.E 

L-8 

8-H 
L5-2d 

Average 

36  500 

39  000 

37  600 
35  500 
37  000 

40  000 

37  500 

39  000 
37  600 

36  500 

37  000 

40  000 

41  000 
40  000 

38  500 

39  000 
38  500 

40  500 

63  400 
70  200 

65  7o6t 

57  soot 

37  600 

37  900 

39  600 

64  300 

eOoe  ^od  crtished.     t  Both  ends  crushed. 
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Table  5 
Results  of  Torsion  Tests 

Streas  in  lb.  per  aq.  in.  d  ^approximate  outside  diameter  in 

f  "approximate  wall  thicknew  in  inches. 
{ "gage  length  in  inches. 


Material 

Type  Of 
Specimen 

Mark 

Proportional 
Limit 

Useful  Limit 

Point 

5. 

Yield 
Point 

Modulus  of 
Roptmo 

Sr 

Small  aoUd 
d-H 
/-2 

M-30* 
M-3-0 
M-l-D 
M-2-D 
M-3-D 

31 

33 

34 

Average 

15  400 
15  400 
14  100 

13  900 

14  600 
14  000 

13  600 

14  400 

15  400 
18  300 

14  900 

15  400 
14  600 

16  500 

16  000 

17  700 

17  400 
19  900 
16  800 

18  500 
15  800 
18  600 

18  500 

19  000 

ao'sbb 

63  500 
61   500 

14  400 

16  100 

18  100 

61  5O0 

J 

SmaU  hoUow 
I '2 

MS-1 
MS-2 
MS^ 

35 

37 

38 

Average 

12  300 
11  600 
10  300 

10  700 

11  600 

13  400 

13  600 
13  400 
12  700 

15  500 
17  000 

16  900 

19  200t 
19  200t 
17  OOOt 
21  loot 
23  400t 
21  800t 

ab'aoot 

32  0001 

•a 

11  700 

14  900 

20  300t 

1 

Large  8oUd 
/-6 

M-1-1 

M-4-3 

M-6-2 

M-S-10 

M-E-0 

Average 

12  300 

12  900 

13  200 

14  000 
18  600 

14  500 

14  800 

15  500 
14  400 
19  400 

20  200 
20  500 
20  200 
20  400 
20  800 

14  200t 

15  700t 

30  400 

Large  hollow 
d-2J^ 

M-2-1 
M-5-2 
M-7-3 

Average 

14  300 
14  200 
14  300 

16  700 
16  100 
16  100 

18  500 
18  100 
17  800 

14  300 

16  300 

18  100 

Medium  solid 
d-l?i 
/-5 

MM 

MM-0 
ME-0-1 

Average 

17  500 
16  500 
16  000 

18  500 
18  200 
17  700 

19  300 
19  100 
18  900 

60  200 

16  700 

18  100 

19  100 

Medium  hollow 
d-2H 

Z-5 

MM-1 
MM-2 

MM-3 

Average 

15  900 

16  000 

17  600 

16  800 

17  600 

18  400 

17  800 

18  500 

19  200 

42  0001 

16  500 

17  600 

18  500 

'KSage  length  8  in. 

tResults  in  error  as  explained  in  Section  9. 


tYield  point  not  well  defined 
ICollapsad. 
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Table  5 — (Continubd) 
Results  or  Torsion  Tests 

StrcM  in  lb.  per  tq.  fn.  d  ^approximate  outside  diameter  in  inches. 
<  ■"approximate  wall  thickness  in  inches. 
I  "gage  length  in  inches. 


Material 

Type  of 
Specimen 

Mark 

Proportional 

Useful  Limit 
Point 
5. 

Yield 

Point 

Si, 

Modulus  of 

Rupture 

8r 

SoUd 
d-H 

14 

2 

6 
10 

Average 

22  700 
22  200 
24  200 
22  300 

22  700 
22  200 
24  200 
22  300 

23  800 

24  200 
24  200 
23  300 

63  400 
60  200 

22  900 

22  900 

23  900 

61  800 

M 
4^ 

HoUow 
d-0.8 

H 
K 
L 

N 

Average 

21  000 
21  000 

20  900 

21  200 

21  000 
21  000 

20  900 

21  200 

21  000 
21  000 

20  900 

21  200 

57  666 
67  200 

21  000 

21  000 

21  000 

57  100 

HoUow 

d-H 

<-%e 

1 
6 
9 
13 

Average 

22  600 
20  500 

20  600 

21  600 

22  600 
20  600 

20  600 

21  600 

23  600 
22  100 

22  900 

23  000 

47  600* 

s 

21  300 

21  300 

22  900 

HoUow 
d-0.66 

A 

B 
C 
D 
E 

Average 

20  000 
20  100 
19  200 
19  800 
19  400 

20  000 
20  100 
19  200 
19  800 
19  400 

21  800 
21  400 
20  600 

20  600 

21  200 

66  OOOt 
33  000* 

19  700 

19  700 

21  100 

-=r  .S 

Solid 
d-H 

4-2 
4-6 

Average 

30  900 

31  800 

31  600 
31  800 

33  800 
33  800 

33  800 

79  300 

31  400 

31  700 

HoUow 
d'H 

4-1 
4-6 

Average 

27  100 
26  600 

27  600 
27  400 

29  300 
29  700 

66  500* 
69  200t 

l-%6 

26  900 

27  600 

29  600 

•CoOspaed- 


tSheared,  rod  fiUed  center. 
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Table  5 — (Continued) 
RESxn/rs  or  Tobsion  Tests 

StrcM  in  lb.  per  tq.  in.  d  « approximate  outside  diameter  in  inchaa. 
f  ^approximate  wall  thiokneae  in  inohea 
I  "»gage  length  in  inchea. 


Material 

Type  of 

Mark 

Proportional 

Uaeful  limit 

Yield 

Modnlaad 

Specimen 

Limit 

Point 

Point 

Rnptnrt 

8p 

8. 

Sw 

8r 

Solid 

V-2 

32  400 

36  000 

42  600 

V-10 

32  200 

33  800 

43  000 

d-H 

V-6 

35  600 

37  600 

44  000 

109  000 

V-14 

34  200 

37  300 

46  000 

V-l-V 

87  700 

39  400 

46  600 

V-2-V 
Average 

36  100 

39  200 

46  600 

102  000 

34  600 

37  200 

44  600 

105  800 

HoUow 

V-B 

37  200 

37  200 

43  000 

i 

V-C 

36  200 

38  100 

42  600 

d-0.8 

V-20 

39  200 

39  200 

43  000 

^S 

V-21 

37  200 

38  000 

42  000 

<-H 

V-22 
Average 

37  700 

87  700 

42  600 

96  000 

2-5 

37  600 

38  000 

42  600 

•s  tj 

1-2 

HoUow 

V-1 

36  000 

38  000 

43  000 

d-H 

V-6 

32  800 

35  000 

43  600 

74  300 

al 

V-9 

27  800 

33  000 

41  600 

72  800* 

|o 

l-We 

V-13 
Average 

31  800 

34  000 

42  000 

lOlOOOt 

1 

32  100 

36  000 

42  500t 

HoUow 

V-D 

28  300 

28  300 

44  600 

•      V-E 

28  000 

28  000 

40  600 

d-0.56 

V-23 

26  600 

30  400 

42  600 

72  600t 

V-24 

32  000 

37  000 

60  000 

78  000t 

<-H2 

V-26 

28  200 

31  400 

42  700 

73  200t 

V-3-V 

28  400 

34  000 

39  800 

V-4-V 

23  900 

29  100 

37  400 

V-5-V 
Average 

25  600 

29  600 

87  600 

27  600 

30  900 

41  900t 

*Collapaed.    fSheared,  rod  filled  center,     t  Yield  point  not  well  defined. 
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Table  5 — (Continued) 
Resxtlts  of  Torsion  Tests 

Strew  in  lb.  per  aq.  in.  d  "approzimate  outside  diameter  in  inches. 
I  -approximate  wall  thicknese  in  inches. 
{ "gage  length  in  inches. 


Material 

Type  of 
Specimen 

Mark 

Proportional 

Limit 

-8, 

Useful  Limit 
Point 

Yield 

Point 

8^ 

Modulus  of 

Rupture 

Sr 

1 
1 

2 

1 

OQ 

Solid 

C-1 
C-2 
C-3 

Average 

22  800 

25  700 

26  000 

25  800 
27  400 
27  600 

36  400 
36  800 

72  000 
77'566 

24  800 

26  900 

36  600 

74  800 

e 

Hollow 

d-H 
<-%s 

C-4 
C-5 
C-6 

Average 

27  000 
23  500 
22  300 

27  000 
23  500 
26  700 

35  800 

34  400 

35  300 

64  OOOt 
73 'soot 

1 

24  300 

25  700 

35  200* 

1 

o 

d 

Hollow 
d-0.56 

C-5d 
C-6d 
Old 

c-ad 

C-4d 
C-2d 

Average 

21  000 

21  500 
23  900 

22  300 

21  000 

22  300 

23  300 

24  800 
24  400 

24  000 

23  500 

25  700 

24  300 

34  200 
34  200 

34  800 
36  200 

35  500 

36  000 

22  000 

35  200* 

i 

i 

• 

2 
& 

1 

Solid 

P-4 
P^ 

26  000 
26  000 

28  000 
30  000 

36  500 
40  600 

77  100 

26  000 

29  000 

38  500* 

HoUow 
d-H 

<-Ms 

P-6 
P-7 

Average 

24  400 
24  200 

28  200 
27  200 

41  600 
37  OOQ 

39  200* 

75  OOOt 

76  000 

z 

24  300 

27  700 

Hollow 
d-0.66 

P-8 
P-0 
P-10 
P-11 

Average 

Spoiled  in 
20  000 
20  600 
20  100 

testing 
23  700 
23  400 
23  400 

32  100 

31  500 

32  200 

20  500 

23  500 

32  000* 

Solid 

L3-2d 
L3-ld 
I^ 

Average 

24  100 
22  800 

24  100 

25  200 

24  700 

24  500 

25  200 

26  200 

26  300 

27  900 

28  000 
27  200 

62'266 

2^ 

a  5 

h 

24  100 

25  200 

27  400 

Hollow 
<-Vis 

L8 
L5 
L3 

Average 

23  800 
22  300 
22  300 

23  800 
22  300 
22  300 

24  800 

23  600 

24  300 

24  200 

51  200t 

ii'ioot 

22  800 

22  800 

*YieU  point  not  well  defined. 
tCoOapMNL 


{Sheared,  rod  filled  center. 
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the  fibers  do  not  reach  their  yield  points  at  the  same  time.  The  pro- 
portional limit,  however,  as  found  from  the  test  of  a  solid  cylindrical 
torsion  specimen  has,  rather  generally,  been  accepted  as  the  correct 
shearing  proportional  limit  of  the  material.  Obviously,  in  the  test 
of  a  solid  cylindrical  specimen,  it  is  assumed  that  the  first  devittticm 
of  the  stress-strain  diagram  from  a  straight  line  can  be  detected  at 
the  instant  the  proportional  limit  of  the  outermost  fiber  has  been  ex- 
ceeded. With  thin-walled,  hollow  cylindrical  torsion  specimens  the 
shearing  stress  is  nearly  uniform  over  the  section  and  the  proportional 
limit  represents  very  closely  the  correct  proportional  limit  of  the 
material.  The  results  of  the  tests  given  in  Table  5  show  clearly  that, 
although  the  test  of  a  solid  cylindrical  torsion  specimen  is  very  satis- 
factory for  indicating  the  general  quality  or  character  of  the  material 
and  its  reliability  for  resisting  shear,  it  is  not  satisfactory  for  deter- 
mining the  real  elastic  shearing  strength  of  the  material. 

Table  7 

Relation  Between  EhAenc  Shearing  Strengths  as  Found  rROM 
Hollow  and  from  Soud  Torsion  Specimens 


Material 

Ratio 

Shearing  Strength.  HoUow  Speiamens 

Shearing  Strength,  Solid  Spedmens 

Ptoportioiutl 
Limit 

Useful  limit 
Point 

Yield 
Point 

Soft 

Small  specimens 

.813 

.936 

1,12* 

Steel 

Large  specimens 

.857 

.900 

.M7» 

MUd  steel 

.860 

.860 

.882 

Medium  steel 

.865t 

.868t 

.873 

Vanadium  steel 

.800 

.830 

.9401 

Nickel 

Stress  parallel  to  direction  of  rolling 

.886 

.904 

.962: 

Steel 

Stress  perpendicular  to  direction  of  rolling 

.790 

.810 

.832 

Chrome-nickel  steel 

.M6t 

.906t 

.883 

*  Yield  point  of  hoUow  specimens  not  well  defined. 

t  Probably  from  5  to  10  per  cent  too  large  because  wall  thickness  of  hoDow  specimens  was  ^§  ia. 
instead  of  ^3  in. 

X  Yield  point  not  well  defined  for  either  solid  or  hollow  specimens. 

In  Table  7  are  given  values  of  the  ratios  of  the  elastic  shearing 
Strength  as  found  from  tests  of  hollow  specimens  to  that  found  from 
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tests  of  solid  specimens,  the  elastic  strength  being  indicated  by  each 
of  the  three  criteria ;  namely,  proportional  limit,  useful  limit  point, 
and  yield  point.  The  results  in  Tables  6  and  7  justify  the  following 
conclusions : 

(a)  The  shearing  proportional  limit  and  also  the  useful 
limit  point  obtained  from  tests  with  thin-walled  hollow  cylind- 
rical torsion  specimens  is  eight-tenths  to  nine-tenths  (0.8  to  0.9) 
of  the  proportional  limit  found  from  solid  cylindrical  specimens 
of  the  same  material  and  a  value  of  eighty-five  hundredths  (0.85) 
may  be  taken  with  reasonable  accuracy  for  the  ratio  of  the  elastic 
shearing  strength  found  from  thin-walled  hollow  specimens  to 
the  similar  strength  obtained  from  solid  specimens. 

(b)  The  yield  point  obtained  from  hollow  thin-walled  tor- 
sion specimens  is  eighty-five  hundredths  to  nine-tenths  (0.85  to 
0.9)  of  the  yield  point  found  from  solid  cylindrical  torsion  speci- 
mens of  the  same  material.  This  result  applies,  of  course,  only 
to  the  materials  which  have  a  well  defined  yield  point. 

The  elastic  shearing  strength  (Sp,  Se,  and  S„  in  Table  5)  was  cal- 

Tc 
culated  in  each  case  from  the  usual  formula,  /Si=-y-  in  which  T  is  the 

twisting  moment  (inch  pounds),  J  is  the  polar  moment  of  inertia 
(inch*),  and  c  is  the  radius  of  the  specimen  (inch). 

By  making  use  of  the  conclusions  stated  above  a  solid  cylindrical 
torsion  specimen  may  be  used  with  considerable  confidence  to  obtain 
test  results  from  which  the  true  elastic  shearing  strength  may  be  cal- 
culated for  steel  likely  to  be  used  in  general  structural  or  machine 
construction,  although  the  character  or  development  of  the  elastic 
breakdown  may  be  obscured  in  the  test  of  a  solid  specimen,  as  is  dis- 
cussed in  the  next  section.  The  test  results  from  a  solid  specimen 
may  also  be  used,  of  course,  to  judge  of  the  general  properties,  qual- 
ity, and  reliability  of  the  material. 

The  correct  value  of  the  ultimate  shearing  strength  of  a  material 
can  not  be  obtained,  of  course,  from  a  torsion  test  of  a  solid  specimen, 
although  the  modulus  of  rupture,  for  many  purposes,  is  a  satisfactory 
indication  of  the  general  quality  of  the  material  and  of  the  shearing 
resistance  against  rupture.  It  is  diflScult  also  to  determine  the  ulti- 
mate strength  from  a  thin-walled  hollow  torsion  specimen  because  the 
specimen  fails  by  collapsing  (see  Fig.  3).    An  attempt  was  made  to 
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prevent  collapsing  by  filling  the  core  of  the  hollow  cylindrical  si>eci- 
men  with  a  close  (but  not  tight)  fitting  rod.  It  was  found,  however, 
that  torque  was  transmitted  to  the  rod.  Two  rods  were  then  used,  one 
extending  in  from  each  end,  with  somewhat  better  results.  Although 
the  results  given  in  Table  5  on  this  point  are  not  sufficient  for  definite 
conclusions,  they  indicate  that  the  true  ultimate  shearing  strength  is 
from  eight-tenths  to  nine-tenths  (0.8  to  0.9)  of  the  modulus  of  rup- 
ture as  obtained  from  a  test  of  a  solid  cylindrical  torsion  specimen. 

It  will  be  noted  that  in  the  case  of  the  large  torsion  specimens  of 
soft  steel  there  seems  to  be  some  inconsistency  in  the  results  as  given 
in  Table  5.  For  instance,  the  proportional  limit  and  the  useful  limit 
point  is  less  for  the  large  solid  specimens  than  for  the  hollow  speci- 
mens; these  results  are  contrary  to  the  above  conclusions.  It  was 
foimd  that  binding  occurred  at  the  collar  of  the  roller  bearing  of  the 
stationary  head  of  the  torsion  machine,  particularly  at  the  relatively 
large  twisting  moments  required  for  the  large  solid  specimens.  This 
defect  was  remedied  and  the  diameter  of  the  remaining  solid  speci- 
mens was  reduced  to  1%  inches  so  as  to  use  about  the  same  load  range 
on  the  machine  as  was  used  with  the  hollow  specimens.  The  results, 
therefore,  of  the  tests  with  the  large  solid  specimens  (diameter  2% 
inches)  are  not  considered  further. 

The  test  results  of  all  the  small  torsion  specimens  and  also  of  the 
large  specimens  of  soft  steel  show  that  the  wall  thickness  must  be  thin 
to  obtain  the  correct  elastic  shearing  strength  of  the  material.  The 
wall  thickness  of  the  medium  carbon  steel  and  of  the  chrome-nickel 
steel  specimens  was  1/16  inch.  From  the  torsion  tests  of  the  other 
materials  in  which  both  1/16-inch  and  1/32-inch  wall  thickness  were 
used,  it  appears  that  the  correct  shearing  strength  of  the  medium  steel 
and  the  chrome-nickel  steel  is  from  5  to  10  per  cent  lower  than  that 
given  in  Table  6.  The  ratios  as  given  in  Table  7  for  these  two  mater- 
ials are,  therefore,  probably  somewhat  too  large. 

10.  Characteristics  of  Elastic  Shear  Failure, — ^Ductile  steel  rods 
or  specimens  from  rolled  shapes  (any  specimens  from  pieces  which 
have  been  worked  considerably  in  the  forming  process)  when  tested  in 
tension,  show  a  rather  sudden  or  abrupt  elastic  breakdown  culminat- 
ing in  a  well  defined  yield  point.  Steel  which  has  not  been  worked 
much,  such  as  the  interior  material  of  large  rolled  bars,  does  not  show 
such  a  sudden  failure  but  gives  a  more  gradual  curve  for  the  stress- 
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strain  diagram  (see  Figs.  6  and  7  for  stress-strain  curves  for  the  soft 
steel  from  the  3%-inch  bar).  This  point  is  discussed  further  in  a 
later  section. 

The  elastic  shearing  failure  of  a  solid  cylindrical  specimen  of 
ductile  steel  when  tested  in  torsion  is  also  rather  abrupt  with  a  well 
defined  yield  point  (see  Pig.  8).  These  facts,  backed  by  the  maximum 
shear  theory,  by  the  form  of  a  tensile  fracture  (cup  shaped)  and  by  the 
slip-lines  produced  at  or  near  the  yield  point  under  repeated  load- 
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ing,  have  often  been  used  to  explain  the  elastic  tensile  failure  as  really 
a  shear  failure  over  an  inclined  section.  And  since  in  a  tension  test 
the  maximum  shearing  unit-stress  over  a  section  inclined  at  45^  is  one- 
half  of  the  tensile  unit-stress,  it  has  been  urged  that  the  elastic  shear- 
ing strength  may  best  be  found  from  a  tension  test.  Before  discussing 
the  experimental  data  from  which  the  ratios  between  the  elastic  shear- 
ing and  tensile  strengths  have  been  found  (see  next  section),  it  will 
be  well  to  examine  the  general  character  of  the  elastic  shear  failure 
as  indicated  by  the  stress-strain  diagrams  of  the  thin-walled  hollow 
torsion  specimens.  From  Figs.  6  to  9  which  are  representative  and 
typical  stress-strain  diagrams  for  some  of  the  materials,  it  will  be 
noted  that  in  most  cases  the  shearing  breakdown  of  elastic  action  of 
the  various  materials  is  very  gradual.  In  fact,  in  most  cases,  it  is 
more  gradual  than  the  failure  of  the  elastic  action  in  a  tension  speci- 
men. It  seems  difficult,  therefore,  to  account  for  a  tensile  elastic 
breakdown  as  a  failure  due  to  shear,  or  to  have  confidence  in  the  use 
of  a  tension  test  for  the  determination  of  the  elastic  shearing  strength 
except  for  an  approximate  value.  It  will  also  be  observed  that  the 
solid  torsion  specimens  show  a  more  abrupt  elastic  failure  than  a 
hollow  thin-walled  specimen  of  the  same  material ;  this  fact  indicates 
that  the  proportional  limits  of  the  outer  fibers  have  been  somewhat 
exceeded  before  a  deviation  of  the  stress-strain  diagram  from  a 
straight  line  can  be  detected.  This  has  already  been  discussed  in 
the  section  on  Shearing  Strength,  The  stress-strain  diagrams  for 
the  medium  carbon  steel  and  for  the  nickel  and  chrome-nickel  steel 
(not  shown)  indicate  the  same  characteristics  as  are  shown  in  Figs. 
6  to  9.  It  appears,  therefore,  that,  contrary  to  the  usual  assumption, 
the  shearing  breakdown  of  elastic  action  of  ductile  and  semi-ductile 
steel  is  more  gradual  than  the  corresponding  tensile  or  compressive 
failure. 

11.  Raiio  of  Elasiic  Shearing  Strength  to  Elastic  Tensile 
Strength. — ^Table  8  gives  the  ratios  of  the  elastic  shearing  strengths  to 
the  elastic  tensile  strengths  for  the  various  materials  tested,  the  elastic 
strengths  being  indicated  by  the  proportional  limits,  the  useful  limit 
points,  and  the  yield  points.  It  will  be  noted  from  a  study  of  Table  8 
that  the  shearing  proportional  limits  of  most  of  the  steels  tested  are 
from  fifty-five  to  sixty-five  hundredths  (0.55  to  0.65)  of  the  tensile 
proportional  limits  and  that  the  same  statement  may  be  made  in  the 
case  of  the  useful  limit  points.    The  two  materials  for  which  the  ratio 
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varies  most  from  the  average  are  the  soft  steel  (large  specimens)  and 
the  vanadium  steel.  Owing  to  the  fact  that  the  tension  specimens  of 
soft  steel  were  made  by  quartering  a  14-inch  length  of  the  S^^-inch 
bar,  they  contained  much  of  the  inner  or  "heart**  material  of  the 
large  bar,  while  the  large  hollow  specimens  contained  none  of  the 
"heart"  material.  It  is  doubtful,  therefore,  whether  the  tension  speci- 
mens should  be  considered  as  of  the  same  material  as  the  large  hollow 
specimens.  Greater  variation  also  was  noted  in  the  test  results  with  the 
soft  steel  specimens  than  with  the  other  materials  (see  section  13  for 
fmlher  discussion).  In  connection  with  the  vanadium  steel  it  should 
be  stated  that  due  to  the  greater  hardness  of  the  vanadium  steel,  it 
was  more  difBcult  to  produce  a  smooth  hole  in  drilling  out  the  center 
of  the  hollow  specimens  of  this  material  than  of  the  softer  materials. 
The  wall  thickness  as  measured,  therefore,  may  be  slightly  too  large, 
because  the  grooves  or  tool  marks  were,  perhaps,  not  properly  taken 
into  account.  If  this  statement  is  true,  the  values  of  the  ratio  for 
vanadium  steel  are  somewhat  too  small.  This  statement  may  also  ex- 
plain the  somewhat  greater  variation  in  the  values  of  elastic  strengths 
obtained  from  the  thin-walled  (1/32  inch  thick)  vanadium  specimens 
than  in  those  obtained  from  the  corresponding  specimens  of  most  of  the 
other  materials.  It  may  also  account  for  the  greater  diflference  be- 
tween the  results  obtained  with  1/32-inch  and  1/16-inch  wall  thick- 
nesses for  vanadium  steel  than  for  the  other  steels.  It  is  possible,  how- 
ever, that  the  ratio  for  vanadium  steel  is  somewhat  lower  than  for  the 
other  steels  tested. 

With  these  facts  in  mind  it  is  felt  that  a  study  of  Table  8  justifies 
the  conclusion  that  the  elastic  shearing  strength  of  steel  likely  to  be 
used  in  general  construction  of  machines  or  structures  is  close  to  six- 
tenths  (0.6) •  of  the  elastic  tensile  strength,  instead  of  one-half  (0.5)  of 
the  elastic  tensile  strength  as  assumed  in  the  maximum  shear  theory  of 
combined  stress  as  expressed  by  Guest's  law.  In  other  words,  ductile 
or  semi-ductile  steel  will  not  suffer  elastic  breakdown  when  the  shear- 
ing unit-stress  developed  is  one-half  of  the  elastic  tensile  strength  of 
the  material;  hence  the  field  in  which  the  maximum  strain  theory 
may  hold  is  not  as  limited  as  would  be  the  case  if  the  elastic  shearing 
strength  were  one-half  of  the  tensile  strength.  The  influence  of  this 
fact  upon  the  design  of  machines  or  structures  under  combined  load- 
ing such  as  thick  cylinders,  flat  plates,  crank  shafts,  girders,  etc.,  can 

*The  Talue  of  six-tenths  is  also  found  by  Becker  with  biaxial  loading,  see  Bulletin  Mo. 
^.  p.  48,  Engineering  Experiment  Station,  University  of  Illinois. 
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not  be  discussed  here.  It  makes  possible  more  efficient  and  economical 
use  of  material,  under  certain  conditions,  than  would  be  the  case  if  the 
shearing  strength  were  one-half  of  the  tensile  strength. 

12.  Results  of  Earlier  Experiments. — ^Results  of  tests  of  various 
grades  of  steel  in  simple  tension  and  simple  torsion  made  by  Piatt  and 
Hayward,  by  L.  B.  Turner,  and  by  E.  L.  Hancock  are  given  in 
Table  9.  Piatt  and  Hayward  used  solid  bars  1%  inches  in  diameter  for 
both  tension  and  torsion  tests.  The  yield  point  as  found  by  the  drop 
of  the  beam  was  used  as  the  elastic  strength  for  both  tension  and  tor- 
sion. Two  specimens  in  tension  and  three  in  torsion  were  used  for  each 
material.  Initial  strains  were  first  taken  out  by  repeated  loadings. 
Considering  the  method  of  determining  the  elastic  strength  and  the 
fact  that  the  elastic  strength  was  of  secondary  importance  in  the  in- 
vestigation, the  results  for  the  ratios  of  the  elastic  strengths  in  torsion 
and  in  tension  as  found  by  Platband  Hayward  (Table  9)  agree  well 
with  the  values  of  the  same  ratio  as  herein  recorded  (Table  8). 

In  the  tests  by  Turner  the  specimens  of  mild  steel  with  0.15  per 
cent  C.  were  made  from  annealed  weldless  steel  tubes  with  an  outside 
diameter  of  1  inch  and  wall  thickness  of  0.022  inch  (No.  24  B.W.G.) 
for  both  tension  and  torsion  tests.  The  wall  thickness  was  not  measured 
for  each  specimen  but  an  average  thickness  was  determined  for  twelve 
short  (1  inch)  portions  cut  from  three  tubes  taken  at  random.  The 
mean  thickness  was  found  by  first  weighing  the  portions  in  air  and 
then  in  water.  There  was  considerable  variation  in  thickness  from 
pomt  to  point  around  a  section  of  a  cut  portion;  in  some  cases  an 
eccentricity  was  perceptible  to  the  naked  eye.  Considerable  variation 
in  thickness  was  shown  among  the  results  of  the  individual  specimens. 
Twenty-one  specimens  of  this  particular  material  were  tested. 

The  specimens  for  the  other  three  materials  tested  by  Turner  were 
solid  %-inch  rods  for  the  tension  tests  and  %-inch  rods  turned  down 
to  0.33-inch  diameter  for  a  length  of  3^^  inches  for  the  torsion  tests. 
The  number  of  specimens  was  much  less  than  for  the  steel  tubing.  All 
of  the  specimens  were  annealed.  Nickel  steel  specimens  showed  the 
greatest  variation  in  the  results  of  the  individual  specimens. 

The  yielding  of  all  the  specimens  was  very  sudden.  In  all  cases 
the  proportional  limit  and  the  yield  point  coincided.  This  result  is 
quite  contrary  to  the  results  found  in  the  tests  which  have  already 
been  explained  in  this  bulletin. 
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When  the  method  of  determining  the  wall  thiekness  of  the  holloir 
specimens,  the  small  size  of  the  solid  torsion  specimens,  and  the  differ- 
ence in  the  method  of  experimenting  are  considered,  the  ratios  of  the 
elastic  strengths  in  torsion  and  in  tension  as  found  by  Turner  (Table 
9)  are  in  fair  agreement  with  the  values  of  the  same  ratio  as  found 
from  the  tests  herein  described  (Table  8). 

The  results  of  the  tests  by  Hancock  show  considerable  variatioiL 
No  description  of  the  material  is  given  other  than  its  name  in  Table  9 
and  nothing  is  stated  as  to  the  kind  or  number  of  specimens  used  or 
the  method  of  testing  except  that  the  proportional  limit  was  used  as 
a  measure  of  the  elastic  strength.  The  results  indicate  a  fair  agree- 
ment with  the  results  herein  recorded  for  most  of  the  materials,  al- 
though the  low  values  for  the  ratio  of  shear  (torsion)  to  tension  for 
some  of  the  materials  is  not  found  by  any  of  the  other  experimenters. 

The  values  for  the  ratio  of  the  elastic  strengths  in  tension  and  in 
shear  as  indicated  in  tests  with  combined  loading  have  not  varied  much 
from  0.6.  Becker*  found  values  of  0.59  and  0.62  for  two  grades  of 
steel  tubing.  Scoble'st  tests  are  the  only  ones  which  indicate  that  the 
ratio  is  less  than  0.5  and  his  criterion  of  elastic  strength  and  method 
of  experimenting  seem  somewhat  unusual. 

A  study  of  the  earlier  experiments  discussed  above  bear  out,  in  the 
main,  the  conclusions  already  stated  for  the  results  presented  in  this 
bulletin ;  namely,  that  the  elastic  shearing  strength  of  ductile  and  semi- 
ductile  steel  varies  but  little  from  six-tenths  (0.6)  of  the  elastic  tensile 
strength. 

13.  Ratio  of  Elastic  Tensile  Strength  to  Elastic  Compressive 
Strength. — The  elastic  strength  in  tension  and  in  compression  for 
ductile  steels  is  usually  considered  to  be  the  same.  This  assumption  is 
sufficiently  accurate  for  many  purposes.  In  the  problems  of  combined 
stress  and  in  built-up  compression  members,  however,  it  is  important 
to  know  accurately  the  relation  between  the  elastic  tensile  and  com- 
pressive strengths  and  particularly  to  know  how  the  strengths  are 
affected  by  mechanical  treatment  of  the  steel  such  as  the  amount  of 
working  during  the  rolling  process.  Tables  6  and  8  indicate  that  the 
elastic  compressive  strength  of  ductile  steel  is  somewhat  great«p  than 
the  elastic  tensile  strength  except  in  the  case  of  soft  steeL  It  is  dear 
from  a  study  of  Table  8  that  the  amount  of  working  or  rolling  ^^  a 

*Balletm  No.  85,  Engineering  Experiment  Station,  UniTersity  of  XUinois. 
fPhilofiophical  Magazine,  May,  1906. 
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marked  effect  upon  the  elastic  tensile  and  compressive  strengths  of 
steel.  Table  8  indicates  that  steel  which  has  been  rolled  into  com- 
paratively thin  plates  or  small  shapes  has  an  elastic  compressive 
strength  approximately  5  per  cent  greater  than  the  elastic  tensile 
strength  whether  the  elastic  strength  is  judged  from  the  proportional 
limit,  useful  limit  point,  or  yield  point.  In  the  case  of  soft  steel  from 
the  3%-inch  bar  which  represents  material  with  relatively  little  work- 
ing in  the  rolling  process,  the  compressive  proportional  limit  is  much 
greater  (27  per  cent)  than  the  tensile  proportional  limit,  while  the 
yield  point  in  compression  is  somewhat  less  (4  per  cent)  than  the 
yield  i)oint  in  tension  (see  Pig.  6  and  Table  8).  It  appears,  there- 
fore, that  the  criterion  of  elastic  strength  may  be  of  much  importance, 
that  the  tension  test  so  generally  used  to  judge  of  the  elastic  properties 
of  steel  is  not  wholly  reliable,  and  that  it  may  be  necessary  to  resort  to 
auxiliary  compression  tests  for  material  to  be  used  under  certain 
conditions  of  combined  stress  and  for  critical  compression  members,* 
at  least,  until  test  results  and  the  treatment  received  by  the  material 
can  be  correlated  through  more  extensive  experimental  investigations. 
To  what  extent  the  increased  compressive  strength  due  to  rolling  may 
be  attributed  to  compacting,  causing  a  denser  material,  or  attributed 
to  the  arrangement  of  the  crystals  of  the  constituent  elements  in  steel 
or  to  other  factors  is  not  definitely  known.  The  problem  offers  op- 
portunity for  fruitful  experimental  work.  It  was  noted  that  the 
breakdown  of  elastic  action  in  compression  is  fully  as  gradual  as  that 
of  the  corresponding  tensile  failure  (in  most  cases  more  so)  except 
in  the  case  of  soft  steel.  This  fact  suggests  .that  compacting  of  steel 
may  be  an  important  factor  in  determining  its  strength.  The  maximum 
shear  theory  (Guest's  law)  of  the  breakdown  of  elastic  action  assumes 
that  the  elastic  tensile  and  compressive  strengths  are  the  same.  The 
results  of  Table  8  give  further  evidence  that  Guest's  law  is  not  an 
accurate  interpretation  of  the  elastic  failure  of  all  ductile  steel. 

14.    Effect  of  Direction  of  Rolling. — ^It  is  generally  recognized 
that  the  direction  of  rolling  of  hot-rolled  steel  influences  the  grain  or 


*In  the  tMts  of  Urge  built-up  ooluiimi  conducted  by  Bureau  of  Standards  for  the  Oom- 
mittee  on  Steel  Columna  and  Struts  of  the  American  Society  of  Oivil  Engineers,  (see  Proc. 
A.  8.  C.  E.  Dec  1917)  it  was  found  that  the  columns  built  up  of  V^-inch  to  %-inch 
msterial  showed  a  considerably  lower  strength  in  most  cases  than  those  of  %*inch  material. 
CompreasiTe  tests  on  specimens  sawed  from  the  thick  portions  showed  a  decrease  in  the  com* 
prcMire  yield  point  of  6000  pounds  per  square  inch  as  compared  with  the  tensile  yield 
point  of  the  same  material,  while  the  compressive  yield  point  of  specimens  sawed  from  the 
tlun  portiona  was  ncfarly  the  same  as  the  tensile  yield  point. 


Digitized  by  VjOOQ  IC 


40  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

crystal  growth  or  formation,  by  making  the  grains  or  crystals  longer 
in  the  direction  of  rolling.  It  is  usually  assumed,  however,  that  the 
elastic  strength  of  the  material  is  not  affected  by  the  direction  of  roll- 
ing or,  in  other  words,  that  the  elastic  strength  is  the  same  in  all  direc- 
tions. Some  experimental  results  were  obtained  on  this  point  in  the 
case  of  nickel  steel.  As  already  stated  the  specimens  of  nickel  steel 
were  cut  from  a  rolled  slab  2  inches  thick  by  7%  inches  wide.  Prom  this 
slab  some  specimens  were  cut  with  their  longitudinal  axes  parallel  to 
the  direction  of  rolling  and  others  with  their  axes  perpendicular  to 
the  direction  of  rolling.  Specimens  whose  axes  are  parallel  to  the 
direction  of  rolling,  when  tested  in  torsion,  develop  shearing  stress 
perpendicular  to  the  direction  of  rolling  and  when  tested  in  tension 
and  compression,  of  course,  develop  stress  parallel  to  the  direction 
of  rolling,  while  the  reverse  is  true  for  the  specimens  whose  axes  are 
perpendicular  to  the  direction  of  rolling. 

The  results  given  in  Tables  3,  4,  5,  and  6  for  nickel  steel,  although 
not  entirely  consistent,  fail  to  indicate  any  systematic  influence  of 
the  direction  of  rolling  on  the  elastic  strength  of  the  material  either  for 
tension,  compression,  or  shear.  However,  the  ductility  as  measured  by 
the  ultimate  tensile  elongation  and  reduction  of  area  shows  a  marked 
effect  of  the  direction  of  rolling.  The  effect  on  the  ductility  is  also  very 
noticeable  in  the  appearance  of  the  fracture.  While  the  values  given 
in  Table  8  for  nickel  steel  seem  to  indicate  some  effect  of  direction  of 
rolling,  a  study  of  the  more  detailed  data  in  Tables  3  to  6,  reveals  little 
if  any  effect  on  the  elastic  strength.  The  ultimate  strengths  in  ten- 
sion, in  compression,  and  in  shear  also  show  no  influence  of  the  direc- 
tion of  rolling.  Whether  much  thinner  material  such  as  used  for 
boiler  plates,  rolled  sections,  etc.,  would  show  more  effect  of  the  direc- 
tion of  rolling  is  not  known. 


15.  Summary, — The  severe  uses  to  which  carbon  and  alloy  steels 
are  put  in  some  phases  of  engineering,  as  for  example,  in  automobile 
and  in  aeroplane  construction,  have  developed  a  need  for  more  detailed 
knowledge  of  the  action  of  steel,  both  within  and  beyond  the  elastic 
limit,  under  various  types  of  stress,  as  well  as  of  the  factors  whicli 
affect  the  physical  properties  of  the  material.  This  need,  in  time,  may 
require  some  modifications  in  the  tests  of  the  materials  and  in  the 
methods  of  interpreting  the  tests.  The  following  brief  summary  of 
the  chief  points  brought  out  by  this  investigation  are  offered  as  a  con- 
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tribution  toward  filling  part  of  this  need.  The  conclusions  apply  to 
hot-rolled  carbon  and  alloy  steels  which  are  representative  of  those 
likely  to  be  used  in  general  structural  and  machine  construction. 

(1)  The  correct  value  of  the  elastic  shearing  strength  of 
steel  as  measured  by  the  proportional  limit  or  the  useful  limit 
point  may  be  determined  from  a  torsion  test  of  a  hollow  thin- 
walled  cylindrical  specimen.  The  correct  value  of  the  yield 
point  in  shear  is  also  shown  in  the  test  of  a  hollow  thin-walled 
torsion  specimen. 

(2)  The  correct  value  of  the  elastic  shearing  strength  of 
steel  as  measured  by  the  proportional  limit  or  the  useful  limit 
point  may  be  taken,  with  reasonable  accuracy,  as  eighty-five 
hundredths  (0.85)  of  the  elastic  strength  obtained  from  a  tor- 
sion test  of  a  solid  cylindrical  specimen.  The  correct  value  of 
the  yield  point  for  the  more  ductile  materials  is  slightly  more 
than  eighty-five  hundredths  (0.85)  of  the  yield  point  obtained 
from  a  test  of  a  solid  torsion  specimen. 

(3)  A  solid  cylindrical  torsion  specimen,  therefore,  may  be 
used  to  obtain  test  results  from  which  the  correct  value  of  the 
elastic  shearing  strength  and  the  shearing  yield  point  of  steel 
may  be  calculated  by  the  use  of  a  correction  factor,  although  the 
character  or  progress  of  the  breakdown  of  the  elastic  action  may 
be  obscured  in  the  test  of  the  solid  specimen.  Test  results  ob- 
tained from  a  solid  specimen  may  also  be  used,  of  course,  to 
judge  of  the  general  properties,  quality,  and  reliability  of  the 
material. 

(4)  The  correct  value  of  the  elastic  shearing  strength  of 
steel  as  measured  by  the  proportional  limit  or  the  useful  limit 
point  is  from  fifty-five  to  sixty-five  hundredths  (0.55  to  0.65)  of 
the  elastic  tensile  strength  and  may  be  taken  with  reasonable 
accuracy  as  six-tenths  (0.6)  of  the  elastic  tensile  strength.  The 
maximum  shear  theory  of  the  failure  of  elastic  action  of  ductile 
steel  (sometimes  called  Guest's  law)  is,  therefore,  not  an  accu- 
rate statement  of  the  law  of  elastic  breakdown,  since  Quest's 
law  assumes  that  the  elastic  shearing  strength  is  one-half  (0.5) 
of  the  elastic  tensile  strength.  The  maximum  shear  theory  as 
expressed  by  Guest's  law,  however,  is  of  much  use  in  obtaining 
approximate  results. 
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(5)  Contrary  to  the  general  belief,  the  breakdown  of  the 
shearing  elastic  action  of  ductile  and  semi-ductile  steel  as  found 
in  these  tests  is  gradual ;  more  gradual,  as  a  rule,  than  the  failure 
of  elastic  action  in  a  tension  specimen. 

(6)  The  amount  of  hot-rolling  received  by  steel  may  have 
a  marked  effect  upon  the  relation  of  the  elastic  tensile  and  com- 
pressive strengths.  For  the  material  from  %-inch  and  %-inch 
bars,  the  elastic  compressive  strength  is  somewhat  greater  (about 
5  per  cent)  than  the  elastic  tensile  strength  whether  the  elastic 
strength  is  measured  by  the  proportional  limit,  useful  limit 
point,  or  the  yield  point.  For  the  material  from  the  3i^-inch 
bar,  the  compressive  proportional  limit  is  very  much  greater  (27 
per  cent)  than  the  tensile  proportional  limit,  while  the  com- 
pressive yield  point  is  somewhat  less  (4  per  cent)  than  the  ten- 
sile yield  point. 

(7)  It  appears,  therefore,  that  the  choice  of  the  criterion 
of  elastic  strength  may  be  of  considerable  importance  in  some 
cases,  and  that  the  usual  tensile  test  of  material  may  require 
supplementary  compressive  tests  or  a  better  correlation  between 
test  data  and  the  amount  of  treatment  received  during  rolling, 
before  the  elastic  properties  of  the  material  as  obtained  from 
tensile  test  data  can  be  relied  upon. 

(8)  The  elastic  strength  and  ultimate  strength  of  steel  in  t«i- 
sion,  in  compression,  and  in  shear  is  affected  little,  if  any,  by  the 
direction  of  rolling  in  the  case  of  a  slab  2  inches  thick,  althou^ 
the  ductility,  as  measured  in  tension  tests  by  the  percentage  of 
elongation  and  percentage  of  reduction  of  area,  is  materially  less 
when  the  stress  is  perpendicular  to  the  direction  of  rolling  than 
it  is  when  the  stress  is  parallel  to  the  direction  of  rolling. 
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THE  STORAGE  OF  BITUMINOUS  COAL 


I.      Introduction 

1.  Interest  in  Storage  of  Coal. — One  result  of  the  coal  shortage 
during  the  winter  of  1917-1918  was  to  impress  upon  the  general  pub- 
lic, and  particularly  upon  the  Fuel  Administration,  the  necessity  of 
having  a  coal  pile  on  which  to  draw  in  time  of  stress  such  as  occurred 
during  the  winter  of  1918. 

Upon  the  recommendation  of  the  Illinois  Fuel  Administration,  a 
systematic  campaign  was  instituted  by  the  United  States  Fuel  Ad- 
*  ministration  in  Washington,  urging  people  to  store  coal.  The  con- 
clusions and  recommendations  of  the  Engineering  Experiment  Station 
Circular  No.  6*  were  reprinted  in  condensed  form  and  given  wide 
publicity  by  several  State  Fuel  Administrations,  by  the  Retail  Coal 
Dealers  Association  of  Illinois  and  Wisconsin,  and  by  the  National 
Board  of  Fire  Underwriters.  As  a  result  of  this  campaign,  it  is  safe 
to  say  that  never  before  had  so  much  attention  been  paid  to  the  storage 
of  coal  as  was  the  case  in  the  spring  and  summer  of  1918. 

During  the  past  year  unusual  attention  has  also  been  given  to 
the  subject  of  coal  storage  in  England  and  in  Canada  and  the  con- 
clusions which  were  reached  in  these  countries,  and  which  will  be 
referred  to  later  in  fuller  detail,  agree  very  closely  with  the  experience 
in  the  United  States. 

Details  as  to  the  amounts  of  coal  in  storage  at  diflPerent  periods 
and  the  methods  used  to  stimulate  storage  will  be  found  in  the  re- 
ports of  the  Fuel  Administration. 

2.  Conditions  under  which  Coal  Was  Stored, — The  present  bulle- 
tin aims  to  supplement  Circular  No.  6  by  presenting  information 
secured  in  a  further  study  of  the  shortage  of  coal  under  conditions 
somewhat  different  from  those  that  existed  prior  to  the  publication 
of  Circular  No.  6  in  the  early  part  of  1918.  Theso  new  conditions 
were : 

(1)     On  account  of  the  pooling  of  coals  from  a  number 
of  different  districts  and  the  zoning  system  of  distribution 


*  "The  Storage  of   BituminouB  Coal,"  by   H.   H.   Stock.     Univ.  of  III.,   Eng.   Exp.   Sta. 
Circular  No.   6.   1918. 
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under  the  United  States  Fuel  Administration  during  1918, 
many  were  eomi)elled  to  buy  a  different  coal  from  that  to 
which  they  had  been  accustomed  in  the  past. 

(2)  It  was  often  impossible  to  secure  continuous  ship- 
ments of  the  same  coal ;  therefore  it  was  frequently  necessary 
to  store  a  mixture  of  coals. 

(3)  Owing  to  the  great  demand  for  a  maximum  output 
under  war  conditions,  less  care  was  given  to  the  preparation 
of  the  coal,  with  regard  both  to  its  sizing  and  to  the  separa- 
tion of  impurities;  consequently  much  coal  was  stored  that 
was  not  suitable  for  the  purpose. 

(4)  Owing  to  the  campaign  for  storing  coal  carried 
on  mainly  by  government  agencies,  undoubtedly  much  more 
coal  was  stored  than  under  ordinary  conditions,  and  much 
of  this  was  stored  by  people  without  any  previous  experience 
in  the  storing  of  coal. 

In  some  cases,  therefore,  the  results  of  storage  during  1918  wen* 
discouraging  to  those  who  had  no  previous  experience  in  storing  coal. 
One  purpose  of  this  further  study  of  the  subject  was  to  find  out  the 
experience  of  those  who  .stored  under  the.se  unusual  conditions  and, 
if  necessary,  to  modify  the  conclusions  and  suggestions  contained  in 
Circular  No.  6. 

3.  Sources  of  Information, — The  data  for  the  present  bulletin 
were  obtained : 

(1)  Fro.n  a  ([uestionnaire  sent  to  the  same  individuals 
or  companies  upon  whose  experience  the  conclusions  pub- 
lished in  (/ircular  No.  6  were  based.  These  included  about 
two  hundred  individimls,  manufacturing  concerns,  railroads, 
coke  i)lants,  etc.,  that  had  stored  coal  under  widely  differing 
conditions. 

(2)  From  a  similar  questionnaire  which,  through  the 
cordial  co()j)eration  of  Joseph  Harrington,  Administrative 
Engineer  of  the  Illinois  Fuel  Administration,  was  sent  to 
about  eighteen  thousand  power  plants  in  Illinois.  From  this 
(luestionnaire  about  three  hundred  answers  were  receive<l. 

(3)  From  a  careful  study  of  fires  in  coal  piles  in 
Chicago.     This  studv  was  made  bv  W.  D.  Langtry  in  cou- 
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iieetioii  with  work  hejriin  luuler  the  Conservation  Department 
of  the  United  States  Fuel  Administration  in  Illinois.  J.  C. 
McDonald,  chief  of  the  Bureau  of  Fire  Prevention  and  Pub- 
lic Safety  of  Chicago,  for  a  period  of  six  months  beginning 
about  May  1,  1918,  reported  daily  all  fires  in  coal  piles  in 
Chicago  and  either  Mr.  Langtry  or  Mr.  Hippard,  Research 
Assistant  in  Mining  Engineering  of  the  Engineering  Experi- 
ment Station,  investigated  most  of  these  fires  and,  in  many 
cases,  took  photographs  of  them. 

(4)  From  investigations  made  by  the  authors  of  this 
bulletin  of  fires  which  occurred  in  Mattoon,  Decatur,  Rock 
Island,  Moline,  Davenport,  Aurora,  Champaign,  Urbana,.  St. 
Loui.s,  and  Milwaukee.  The  fires  in  these  cities  had  been 
reported  either  to  the  local  fire  departments  or  to  the  County 
Fuel  Administrators  who  were  most  helpful  by  notifying  the 
authors  of  coal  in  storage  and  of  fires.  The  conditions 
under  which  fires  occurred  in  these  cities  were  similar  to 
those  under  which  fires  occurred  in  Chicago. 

(5)  From  information  furnished  through  the  cordial 
coiiperation  of  B.  A.  McAulipfe  and  the  following  super- 
visors of  the  Fuel  Conservation  Section  of  the  United  States 
Railroad  Administration:  E.  P.  Rof>;(H,  Robert  Collett, 
B.  R.  Feeny,  II.  C.  WooDBRiDOE,  N.  Clewer,  J.  \V.  Hardy, 
and  L.  R.  Pyt.e.*  S.  W.  Parr,  Professor  of  Industrial 
Chemistry,  University  of  Illinois,  whose  bulletins  on  spon- 
taneous combustion  are  well  known,  has  been  most  helpful 
through  suggestions  and  criticisms  of  the  manuscripts.  Mr. 
Hippard  not  only  cooperated  with  Mr.  Laxotry  in  studying 
Chicago  fires,  but  also  compiled  the  data  secured  in  connec- 
tion with  these  fires  and  the  replies  to  the  several  (juestion- 
naires.  So  many  have  cor)i)erated  in  gathering  information 
that  it  is  impossible  to  give  adequate  credit  to  all  by  name. 


•See   "Storage   of    Coal   by    Railroads   during    1918,"    hy    H.    H.    Stock.      Inter.    Ry. 
^'»«t•l  A  WW.  Proc.,   1919. 
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II.    Summary  of  Conclusions 

It  is  believed  that  the  following  conclusions  will  be  helpful  to  any 
one  who  expects  to  store  coal.  These  conclusions  and  the  evidence 
upon  which  they  are  based  are  discussed  in  detail  in  the  subsequent 
pages  of  this  bulletin. 

4.  Preliminary  Considerations. — 

(1.)  Storage  of  coal  insures  the  consumer  a  regular 
supiply  of  coal,  assists  in  equalizing  freight  traffic  on  the 
railroads,  and  helps  to  stabilize  the  operation  of  coal  mines. 

(2)  The  storage  of  coal  should  not  be  undertaken  with- 
out a  careful  consideration  of  the  practice  of  those  who  have 
stored  coal  successfully. 

(3)  Before  it  is  time  to  begin  the  actual  storing  a 
suitable  place  should  be  prepared  and  a  policy  outlined  far 
enough  in  advance  so  that  every  one  who  will  have  to  do  with 
the  storing  can  receive  definite  instructions  and  not  mere 
suggestions.  It  is  unwise  to  wait  until  the  coal  to  be  stored  is 
on  the  track  and  then  to  dump  it  anywhere  so  as  to  release 
the  cars  promptly.  When  storing  begins,  the  instructions 
should  be  carried  out  to  the  letter.  Many  failures  in  storing 
coal  have  been  due,  not  to  faulty  instructions,  but  to  the 
fact  that  the  instructions  have  not  been  followed. 

5.  Preparation  of  Place  of  Storage. — If  possible  a  place  should 
be  chosen  that  is  dry  and  well  drained;  if  not  drained  naturally, 
drains  should  be  provided  about  the  storage  pile,  not  underneath  it^ 
as  a  drain  beneath  a  pile  may  produce  an  air  current  up  through  the 
pile  and  thus  assist  spontaneous  combustion. 

Coal  should  not  be  dumped  on  ground  covered  with  ashes  or 
refuse  of  any  kind,  because  often  in  addition  to  furnishing  flues  for 
the  admission  of  air,  such  refuse  contains  combustible  material: 
furthermore,  the  presence  of  such  refuse  will  depreciate  the  value  of 
the  coal  when  it  is  reclaimed  from  storage.  If  possible,  the  ground 
should  be  cleared  of  vegetation  and  leveled  off,  so  that  the  reclaiming 
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of  the  coal  will  be  made  as  easy  as  possible  and  that,  in  reclaiming, 
dirt  and  refuse  will  not  be  taken  up  by  the  shovel  or  by  other  devices 
used.  There  is  some  justification  for  the  objection  of  firemen  to  using 
coal  that  has  been  stored,  because  of  the  dirt  and  other  refuse  that 
has  been  mixed  with  the  coal  in  taking  it  from  the  storage  pile.  A 
hard  clay  bottom  thoroughly  drained  is  desirable,  if  a  concrete  is  too 
expensive. 

If  possible,  adequate  space  should  be  provided  so  that  the  coal 
can  be  moved,  if  heating  occurs.  Coal  should  not  be  piled  around 
hot  pipes,  against  a  boiler,  against  hot  walls,  around  a  chimney,  or 
in  any  place  where  it  will  be  subjected  to  outside  heat,  because  the 
liability  to  spontaneous  combustion  increases  rapidly  with  a  rise  in 
temperature.  Coal  should  not  be  stored  above  flues  that  will  i)ermit 
a  current  of  air  to  enter  the  coal  pile;  hot  air  such  as  that  fro:n  a 
sewer  Is  particularly  to  be  avoided. 

6.  Time  of  Year  for  Storage, — In  order  best  to  equalize  trans- 
portation facilities,  to  help  stabilize  mine  operation,  and  sometimes 
to  take  advantage  of  lower  prices,  coal  should  be  stored  between  the 
first  of  May  and  the  first  of  September.  However,  as  these  are  the 
hottest  months  of  the  year,  special  precautions  should  be  taken  both 
in  storing  and  in  watching  the  coal  after  it  is  placed  in  storage.  Coal 
is  a  poor  conductor  of  heat  and  if  coal  that  is  already  at  a  high 
temperature  is  covered  by  other  coal,  it  retains  the  heat  and  is  much 
more  liable  to  spontaneous  combustion  than  coal  that  is  stored  at  a 
lower  temperature. 

7.  Kinds  of  Coal  which  May  Be  Safely  Stored. — It  is  probably 
true  that  all  varieties  of  bituminous  coal  have  been  stored  without 
fire  resulting,  and  equally  true  that  all  varieties  of  coal  have  fired 
when  stored.  These  facts  do  not  mean  that  all  coals  store  equally 
well,  as  there  is  undoubtedly  a  difference  in  coals  in  this  respect. 
The  kind  of  coal  that  is  to  be  stored  should  be  specified.  Coals  that 
are  known  to  be  particularly  liable  to  spontaneous  combustion  should 
not  be  selected  for  storage  if  it  is  possible  to  avoid  doing  so.  If  there 
is  no  choice  of  coal  to  be  had,  greater  precautions  in  piling  and  in 
watching  storage  piles  will  be  necessary. 

The  spontaneous  combustion  of  coal  is  due  largely  to  the  oxida- 
tion of  fine  coal;  consequently,  the  liability  to  spontaneous  combustion 
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ill  stored  coal  is  jrreatly  reduced  and  in  many  ea-ses  eliminated  if  dust 
and  fine  coal  ean  be  kept  out  of  the  pile. 

Hence,  if  possible,  cleaned,  screened  coal  of  a  uniform  size  should 
be  chosen,  the  larger  the  lumps  the  better,  so  as  to  give  the  greater 
number  of  voids  in  the  pile.  Coal  of  one  size  is  better  than  a  mixture 
of  sizes. 

Sized  coal  should  not  be  stored  upon  a  foundation  of  fine  coal. 

The  coal  should  be  handled  in  such  a  way  as  to  prevent  break- 
age as  much  as  passible.  If  there  is  a  choice  of  coals  for  storage, 
the  least  friable  should  be  chosen  and  the  one  in  which  there  is  the 
least  fine  material. 

While  many  varieties  of  mine-run  coal  cannot  be  stored  safely 
under  ordinary  conditions  because  of  the  presence  of  fine  coal  and 
dust,  such  coal  has  been  successfully  stored  in  small,  low  piles.  In 
storing  mine-run  coal,  it  should  be  piled  uniformly  so  as  to  prevent 
segregation  of  the  sizes. 

As  fine  coal  or  slack  is  more  liable  to  spontaneous  combustion 
than  clean  sized  coal,  it  should  be  very  carefully  watched  in  storage 
to  detect  evidence  of  heating. 

8.  Sulphur  in  Coal. — Although  exi)erimentation  has  shown  that 
the  sulphur  contained  in  coal  in  the  form  of  pyrites  is  not  the  chief 
cause  of  spontaneous  combustion  a^s  was  formerly  supposed,  yet  the 
oxidation  of  the  sulphur  in  the  coal  not  only  produces  heat  but  also 
assists  in  breaking  uj)  the  lumps  and  thus  increasing  the  amount  of 
fine  coal  in  the  pile.  Any  considerable  rise  in  temperature  from 
either  external  or  internal  source.s  promotes  the  oxidation  of  the  iron 
pyrites.  This  oxidation  produces  heat  and  thus  increases  the  liability 
of  the  coal  to  spontaneous  combustion.  It  is  wise  to  select  low  sulphur 
coals  for  storage  if  obtainable,  but  it  miLst  not  be  taken  for  granted 
that  a  low  sulphur  coal  will  necessarily  store  well. 

9.  Method  of  Piling,— 

(1)  Coal  should  be  so  piled  for  storage  that  any  part 
of  the  pile  can  be  moved  promptly  if  necessary. 

(2)  Coal  should  be  so  piled  that  air  may  circulate 
freely  through  it  and  thus  carry  off  any  heat  generated,  or 
else  so  closely  packed  that  air  cannot  enter  the  pile;  i.e.,  under 
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water  storage  conditions  should  be  approximated  as  nearly 
as  possible. 

(3)  Stratification  or  segregation  of  fine  and  lump  coal 
should  be  avoided,  since  an  open  stratum  of  coarse  lumps 
provides  passage  for  air  to  reach  the  fine  coal  but  not  in 
sufficient  quantity  to  keep  down  the  temperature  of  the  pile. 
Coal  should  be  spread  in  horizontal  layers  and  not  dumped  in 
conical  piles,  for  in  the  latter  case  the  fine  coal  stays  in  the 
center  at  the  top  of  the  pile  and  the  lumps  roll  to  the  bottom. 

(4)  The  depth  and  area  of  storage  piles  will  be  deter- 
mined largely  by  the  storage  space  available  and  the  mechan- 
ical appliances  to  be  used.  Other  conditions  being  equal, 
the  deeper  the  pile  and  the  greater  its  area  the  greater  the 
difficulty  in  inspecting  it,  and  in  moving  it  quickly  if  neces- 
sary. Hence,  a  number  of  small  piles,  if  practicable,  are 
better  than  one  large  pile.  Lack  of  space,  however,  usually 
prevents  such  spreading  out  of  the  coal.  It  is  impossible 
to  specify  exact  heights  as  so  much  depends  upon  the  kind  of 
coal  and  upon  local  conditions.* 

(5)  The  hazard  of  spontaneous  combustion  seems  to 
be  independent  of  whether  the  coal  is  piled  in  the  open  or 
under  cover. 

10.  Moisture. —  The  exact  effect  of  moisture  in  connection  with 
spontaneous  combustion  is  not  known,  and,  as  shown  in  later  pages, 
the  evidence  of  laboratory  experiments  is  contradictory. 

The  repeated  wetting  and  drying  of  coal  seems  to  increase  the 
tendency  to  spontaneous  combustion.  This  may  be  due  to  the  break- 
ing up  of  the  coal  which  such  alternate  wetting  and  drying  occasions, 
even  if  there  is  no  chemical  reaction  between  the  water  and  the  coal. 
It  is  not  wise  to  put  wet  coal  into  a  pile,  or  to  store  coal  on  a  damp 
base  if  it  can  be  avoided.  After  a  rain  or  snowstorm  a  coal  pile 
should  be  carefully  inspected  and  watched. 

*  The  Railroad  Administration  has  suggrestod  pilinjc  coal  for  railroad  storage  not  over 
twrffe  to  fifteen  feet  in  height  when  the  track  is  placed  on  top  of  the  coal  pile,  and  not 
over  twenty  feet  whcTi  a  locomotive  crane  is  used. 

The  Home  Insurance  Company  advises  against  piling  in  excess  of  twelve  feet,  or  more 
than  one  Uionsand  five  hundred  tons  in  any  pile,  and  suggests  trimming  the  piles  so  that 
*w>  point  in  the  interior  is  more  than  ten  feet  from  an  air  cooled  surface.  These  are  wise 
preesations,  but  frequently  impossible  of  application  on   account  of  lack  of  storage  space. 
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Water  is  an  effective  agent  in  quenching  fire  in  a  coal  pile  only 
if  it  can  be  applied  in  suflBcient  quantities  to  extinguish  the  fire  and 
to  cool  the  mass.  The  water  must  be  applied  at  the  source  of  the  fire, 
for  it  can  do  little  good  if  the  stream  is  only  played  on  the  surface. 
To  be  sure  that  the  water  reaches  the  fire  it  is  usually  necessary  to 
turn  over  the  coal. 

It  is  advisable  to  have  water  and  hose  available  for  use  in  case 
of  necessity,  but  water  should  be  used  carefully  and  only  as  a  last 
resort  after  other  means,  such  as  moving  the  coal,  have  been  tried 
to  lower  the  temperature.  An  effort  should  be  made  to  determine  the 
seat  of  the  heating  and  to  remove  the  coal  affected,  which  should  be 
spread  out  on  the  ground  and  allowed  to  cool  off  in  the  air,  if  possible. 
Only  in  case  of  necessity  should  water  be  used  to  cool  it.  If  coal  is 
ablaze  it  is  necessary  to  add  water,  which  very  often  will  so  control 
the  fire  that  the  danger  to  surrounding  buildings  is  reduced,  and 
more  time  is  allowed  to  move  the  coal.  Coal  that  has  once  heated 
should  preferably  be  used  at  once  and  not  be  returned  to  the  pile. 

11.  Inspection  and  Precautions, — There  should  be  an  inspector 
at  each  storage  pile  who  not  only  is  competent  to  inspect  the  coal 
furnished  but  who  also  has  authority  to  reject  it  if  not  according  to 
specifications  and  to  see  that  the  storage  instructions  are  carried  out. 

Coal  in  storage  should  be  inspected  regularly  and  if  the  tempera- 
ture reaches  140  degrees,  the  pile  should  be  very  carefully  watched. 
If  the  temperature  continues  to  rise  rapidly  and  reaches  150  to  160 
degrees,  the  coal  should  be  moved  as  promptly  as  possible  and  the 
coal  thus  moved  should  be  thoroughly  cooled  before  being  replaced 
in  storage,  or  still  better,  it  should  be  used  at  once.  If  the  tempera- 
ture rises  slowly  the  pile  should  be  carefully  wat<;hed,  but  it  is  not 
necessary  to  begin  moving  the  coal  at  as  low  a  temperature  as  when 
the  rise  is  rapid,  for  the  temperature  may  recede  and  the  danger 
be  past. 

Coal  should  be  moved  before  it  actually  smokes.  Such  smoking  is 
reported  to  begin  at  180  degrees  Fahr.,  though  there  is  no  very 
definite  information  on  this  point.  Steaming  should  not  be  confused 
with  smoking,  for  steam  is  frequently  seen  coming  from  a  pile  and 
this  does  not  necessarily  indicate  a  danger  point.  Temperature  tests  of 
coal  in  storage  should  be  made,  if  possible,  and  one  should  not  depend 
on  such  indications  of  fire  as  odor  or  smoke  coming  from  the   coal, 
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for  when  the  coal  reaches  this  stage  it  is  well  along  in  the  process  of 
combustion.  Every  storage  plan  should  give  special  attention  to  load- 
ing out  the  coal  quickly  and  promptly,  if  necessary. 

Inflammable  material,  such  as  waste,  paper,  rags,  wood,  rosin, 
oil,  and  tar  in  a  coal  pile  often  form  the  starting  point  for  a  fire, 
and  ever>'  effort  should  be  made  to  keep  such  material  from  the  coal 
as  it  is  being  placed  in  storage.  Irregular  admission  of  air  into  the 
coal  pile  around  the  legs  of  a  trestle,  through  a  porous  bottom  such 
as  coarse  cinders,  or  through  cracks  between  boards,  etc.,  should  be 
avoided. 

It  is  very  important  that  coal  in  storage  should  not  be  subject 
to  such  external  sources  of  heat  as  steam  pipes,  because  the  sus- 
ceptibility of  coal  to  spontaneous  combustion  increases  rapidly  as 
the  temperature  rises. 

The  effect  of  ventilating  of  coal  piles  is  a  disputed  point,  but 
the  weight  of  evidence  in  the  United  States  seems  to  be  against  the 
practice.  This  may  possibly  be  due  to  the  fact  that  ventilation  has 
been  inadequately  done.  The  imperfect  ventilation  generally 
attempted  in  the  United  States  is  certainly  disadvantageous,  though 
reports  from  Canadian  practice  favor  ventilation. 

About  75  per  cent  of  the  coal  pile  fires  studied  have  occurred 
within  ninety  days  after  the  coal  was  placed  in  storage;  hence  par- 
ticular attention  should  be  given  to  the  pile  during  the  first  three 
months  that  it  is  in  storage.  The  greater  the  area  of  the  pile  exposed 
to  the  air  the  more  quickly  will  the  danger  be  passed. 

Coal  stored  during  the  summer  should,  if  possible,  not  be  drawn 
on  in  the  early  fall,  as  is  so  often  done,  but  kept  for  the  time  of  con- 
gestion in  railroad  traflBc,  which  usually  occurs  from  December  to 
March. 

Finally,  safety  in  the  storage  of  coal  depends  upon  careful  atten- 
tion to  the  details  given  in  the  foregoing  conclusions,  which  represent 
the  experience  of  a  large  number  of  those  who  have  stored  coal  in 
amounts  varying  from  a  few  tons  up  to  hundreds  of  thousands  of 
tons,  and  under  widely  different  conditions. 

A  storage  plan  must  consider  all  of  the  conditions,  and  not  only 
a  part;  for  instance,  clean,  lump  coal  of  a  certain  kind  may  be  stored 
with  perfect  safety  in  high  piles;  while  the  same  coal,  run-of-mine 
or  unscreened,  may  not  be  safely  stored  at  all,  or  at  least  only  in 
small  piles.    Lack  of  attention  to  details  in  storage  or  failure  system- 
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atically  to  inspect  storage  piles  and  to  be  ready  for  any  emergency 
that  may  occur,  may  result  in  losses  from  fires. 

For  such  amounts  as  are  required  by  the  ordinary  householder, 
namely,  ten  to  twenty  tons  a  year,  it  can  be  positively  stated  (a) 
that  there  is  little  or  no  danger  of  spontaneous  combustion  if  the 
foregoing  suggestions  are  followed  and  (b)  that  there  is  no  appreci- 
able deterioration  in  the  heating  value. 

As  the  amount  of  coal  stored  increases,  increased  care  must  be 
taken  in  the  method  of  storing  and  in  watching  the  coal  after  storage. 
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III.     Experience  in  the  Storage  op  Coal  during  1918-1911) 
Data  Secured  by  Questionnaires 

12.  Introduction, — As  was  previously  mentioned,  an  effort  has 
been  made  by  means  of  questionnaires  to  secure  information  that 
would  confirm,  modify,  or  refute  the  conclusions  upon  the  storage 
of  coal  as  given  in  Circular  No.  6, 

Questionnaire  A  (see  Appendix  I)  was  sent  to  those  from  whom 
the  information  was  obtained  that  was  used  in  the  preparation  of 
Circular  No.  6.  This  list  included  about  one  hundred  and  seventy-five 
individuals  and  companies  who  stored  coal  under  widely  different 
conditions  and  in  greatly  differing  amounts,  varying  from  the  ordi- 
nary householder  storing  from  ten  to  twenty  tons,  to  such  industries 
as  the  by-product  coke  companies,  wholesale  distributors  of  coal, 
large  utilities  companies,  railroads,  etc.,  storing  as  high  as  hundreds 
of  thousands  of  tons.  An  effort  was  also  made  to  include  all  varieties 
of  storage ;  i,  e.,  at  the  mines,  by  railroads,  by  large  and  small  power 
plants,  etc. 

Questionnaire  B  (see  Appendix  I)  was  sent  to  the  power  plants 
of  the  State  through  the  courtesy  of  Joseph  Harrington,  Admin- 
istrative Engineer,  United  States  Fuel  Administration,  Chicago. 

It  is  realized  that  data  obtained  by  questionnaires  are  somewhat 
uncertain,  because  of  the  diflBculty  of  having  those  who  fill  out  the 
questionnaires  understand  fully  just  what  is  desired  in  answer  to 
the  questions,  and  also  because  the  data  furnished  may  be  interpreted 
in  a  sense  different  from  that  intended  by  ^he  one  filling  out  the  ques- 
tionnaire. However,  it  is  probable  that  these  diflBculties  are  more 
than  balanced  by  the  much  larger  amount  of  material  that  can  be 
gathered  by  the  questionnaire  method ;  by  averaging  a  large  number 
of  answers  these  inaccuracies  are  minimized.  As  far  as  possible  any 
ambiguity  in  the  answers  was  cleared  up  by  additional  correspondence. 

The  data  for  the  fires  in  Chicago  were  secured  in  person  by 
either  Mr.  Langtry  or  Mr.  Hippard  who  had  unusual  opportunity 
for  obtaining  first-hand  information  concerning  theiie  fires. 

In  tabulating  and  studying  these  data  many  variables  must  bo 
considered,  which  are  so  interrelated  that  great  care  must  be  taken 
to  avoid  drawing  erroneous  conclusions  from  any  one  set  of  figures 
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by  failing  to  consider  them  in  their  proper  relation  to  the  other 
factors,  even  when  these  related  factors  cannot  be  expressed  in  the 
tabulated  material.  Therefore,  general  conclusions  should  not  be 
drawn  from  isolated  statements  and  tables. 

13.  Kinds  of  Coal  that  Can  Be  Stored. — Table  1,  giving  a 
statement  of  fires  by  districts  from  which  the  coal  was  obtained,  not 
only  substantiates  the  conclusions  published  in  Circular  No.  6  that 

Table  No.  1 
Geographical  Sources  op  Supply  op  Stored  Coal 


Questionnaire  A 

Questionnaire  B 

DlBTBICT 

Fired 

Not 
Fired 

Total 

Filed 

Not 
Fired 

Total 

1 
H 

1 

1 

1 

1 

1 

1 

2 

1 

s 

t 
z 

1 

1 

s 

t 

1 

M 

A 
0 

Z 

1 

Arkansas 

1 

1 

Cape  Breton 

1 

1 
1 
1 

Colorado 

1 

Eastern  Pool 

1 

Illinois: 
Christian-Macon  Co 

12 
16 

11 

2 

5 
.... 

1 
2 

I 

30 

1 

88 

21 

9 

7 

26 

10 

19 

2 

1 

"4" 

.... 

1 
1 

42 
2 
103 
26 
16 
9 
37 
17 
22 
3 

2 

1 

Danville 

1 
4 

1 
12 

Franklin  Co 

4 

1 

8 

2 

0 

Longwall 

Peoria 

2 

1 
4 
1 
2 

2 
2 

4 
4 
2 

1 

.Saline 

3 

1 
2 

2 

Sprinfffield 

3 

Stanclard 

3 

? 

District  not  known 

Illinois  and  Indiana 

Indiana: 

Clinton 

3 

3 

Mercer  Co 

Northern 

Pike 

2 

.1 

1 

Terr©  Haute 

3 

No.  4  Vein 

1 

2 

1 
2 

2 

3 

District  not  known 

1 

Iowa 

Kentucky 

2 
3 

1 
1 

2 

2 
3 

1 
2 

1 

8 

1 

2 

2 

2 

? 

Lake  Ports  Pool 

Michigan,  Bay  Co 

Ohio 

1 
1 

1 
1 

1 
4 

1 

1 

Oklahoma 

Pennsylvania 

Anthracite   

Bituminous 

4 

t 

Red  Lodge  (Montana)  sub-bit 

Virginia 

3 

i 

1 
3 

West  Virginia 

2 

3 

2 

4 

4 

1 

Totals 

31 

23 

28 

10 

59 

33 

68 

14 

222 

13 

390 

27 
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"most  varieties  of  bituminous  coal  may  be  safely  stored  if  of  proper 
size  and  free  from  fine  coal  and  dust/'  but  also  suggests  the  even 
more  general  conclusions:  that  although  practically  every  kind  of 
bituminous  coal  has  been  stored  without  spontaneous  combustion  occur- 
ring, yet  under  certain  conditions  spontaneous  cotnbustion  has  oc- 
curred with  practically  every  kind  of  coal  stored. 

Table  1  also  shows  that  the  percentage  of  fires  in  piles  of  mixed 
coals  is  considerably  greater  than  in  piles  of  the  same  coals  unmixed. 
Although  no  satisfactory  explanation  of  the  phenomenon  has  been 
offered,  the  opinion  is  very  generally  held  that  a  mixture  of  two  coals 
is  more  liable  to  spontaneous  combustion  than  either  one  separately, 
and  all  the  evidence  gathered  seems  to  support  this  opinion. 

The  Commonwealth  Edison  Company  of  Chicago,  which  has  been 
very  successful  in  storing  large  amounts  of  coal,  reports  that  between 
February  26  and  April  14,  1918,  it  stored  at  the  Fisk  Street  plant 
about  3000  tons  of  central  Illinois  coal,  principally  egg  and  lump 
from  one  particular  mine  and  a  small  amount  of  coal  of  the  same 
size  from  two  other  mines,  one  located  in  central  and  the  other  in 
southern  Illinois,  together  with  six  cars  of  run-of-mine  coal  from 
the  same  mines.  The  ground  was  cleared  of  old  coal  before  the  new 
coal  was  stored.  During  the  early  part  of  August,  1919,  the  pile  was 
found  to  be  heating  and  a  part  was  removed  and  used  at  once. 

Another  phase  of  the  question  concerns  the  placing  of  fresh  coal 
upon  coal  that  has  been  in  storage  for  some  time,  and  a  number  of 
fires  have  been  cited  as  taking  place  at  the  junction  of  the  fresh  and 
the  old  coal  soon  after  the  fresh  coal  had  been  placed  in  storage.  For 
several  fires  investigated  by  the  writers  there  was  no  other  apparent 
cause.  No  explanation  of  this  has  been  offered,  and  it  is  a  subject 
requiring  further  investigation. 

14.  Sizes  of  Coal  that  Can  Be  Stored. — Tables  2  and  3  show 
that  the  fire  hazard  for  piles  of  clean,  sized  coal  is  relatively  small, 
compared  with  that  for  piles  of  screenings  or  mine-run,  and  that  the 
size  is  an  important  factor  in  connection  with  storage.  Table  2  shows 
that  56  per  cent  of  all  the  piles  of  mine-run  fired,  and  that  85  per 
cent  of  the  piles  of  screenings  fired.  Table  3  shows  that  88  per  cent 
of  the  fires  occurred  in  mine-run  or  screenings.  Of  the  98  storage 
piles  of  mine-run  about  23  per  cent  fired,  while  of  the  86  storage  piles 
of  screenings,  51  per  cent  fired.  Of  the  132  storage  piles  of  sized 
coal  less  than  7  per  cent  fired. 
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These  results  appear  conclusive  enough  to  support  the  recom- 
mendation that  screenings  or  mine-run  should  not  be  stored  in  larpe 
quantities  excepting  under  water,  but  if  it  is  necessary  to  store  these 
sizes  in  any  other  way,  they  should  be  very  carefully  watched  for 
evidences  of  heating  and  means  provided  for  rapidly  and  promptly 
moving  the  coal  if  heating  is  detected.  A  mixture  of  sizes  gives  a 
pile  much  less  void  space  and  hence  the  heated  air  is  less  readily 

carried  off. 

Table  2 

Effect  on  Spontaneous  Combustion  of  Size  of  Coal 
Questionnaire  A 


Fired 

Not  Fired 

Toul 

Size  or  Coai- 

No. 

Per  Cent 
of  Total 

Per  Cent 

of  Given 

Sise 

No. 

Per  Cent 
of  Total 

Per  Cent 

of  Given 

Sise 

Lump  (over  1 H  in.) 

Lump  {H  in.  to  IJi  in.).... 
Egg 

2 
3 
0 
♦22 
18 
0 
0 
0 
0 

4.44 
6.67 

33.33 
42.86 

4 
4 
1 
17 
3 
1 
1 
1 
1 

12.12 
12  12 
3.03 
51.51 
9.10 
3.03 
3.03 
3.03 
3.03 

66.67 
57.14 
100.00 
43.59 
14.28 
100.00 
100.00 
100  00 
100.00 

6 
7 
1 

Mme-run 

48.89 
40.00 

66  41 
86.72 

39 

Screenings 

21 

Buck  (anthracite) 

Nut 

No.  1  nut 

No.  4  nut        



Totals 1     45 

100.00 

33 

100.00 

78 

*  Three  of  these  piles  were  a  mixture  of  mine-run  and  screenings  in  about  equal  proportions. 

Table  3 

Effect  on  Spontaneous  Combustion  of  Size  of  Coal 

Questionnaire  B 


Size  of  Coal 


Lump  (2  in.  or  over) 

Lump  (?4  in.,  1  in.,  IH  in 

Kgg 

Mme-run 

Hcreenings 

No.  1  and  No.  2  nut 

No.  3  and  No.  4  nut 


Fired 


Totals . 


No. 

Per  Cent 
of  Total 

Per  Cent 

of  Given 

Pise 

I 
0 

1  32 

1.96 

2 
23 
44 

1 
5 

2.63 

30.26 

57.89 

1.32 

6.58 

6.25 
23.45 
51.16 

3.85 
27.80 

76 

100.00 

Not  Fired 


Total 


No. 


Per  Cent 
of  Total 


Per  Cent 
of  Given  i 
Sise      I 


50 

20.83 

1 
98.04    . 

51 

5 

2  08 

100  00 

5 

30 

12  50 

93  75    ' 

32 

75 

31.25 

76.55    , 

98 

42 

17.50 

48.84    1 

86 

25 

10  42 

96.15    , 

26 

13 

6.42 

72.20    1 

18 

i40 

100.00 

1 

316 

1 

These  results  are  confirmed  by  the  experience  in  England  and 
John  H.  Anderson  of  Purfleet,  England,  sayst : 


t  Tran«.  Inst,  of  Marine  Engineers,  June,  1918. 
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*  *  When  the  coal  is  at  a  low  temperature  this  oxygen  absorption  is  very  little ; 
therefore,  there  is  not  much  heat  generated,  and  in  many  cases  this  little  heat 
escapes  to  the  atmosphere  just  as  fast  as  it  is  generated.  This  is  generally  the 
case  with  the  larger  coals  or  coals  free  from  small  dust  when  there  is  usually  a 
path  here  and  there  sufficient  to  allow  the  heat  to  get  through  to  the  surface  by 
natural  means. 

**0n  the  other  hand,  heaps  may  be  composed  of  small  coal,  which  may  be  so 
dense  that  there  will  not  be  sufficient  apertures  or  paths  for  the  generated  heat  to 
escape;  the  consequence  is  that  this  heat  gathers,  thereby  increasing  the  tem- 
perature of  the  coal,  and  incidentally,  due  to  the  increase  of  heat,  it  increases  the 
rapidity  and  capacity  for  further  oxygen  absorption  in  a  g^ven  time,  thus  giv- 
ing off  more  heat  io  a  given  time  than  when  the  heap  was  cooler. 

'  *  It  will  be  seen  from  this  that  if  a  heap  has  a  tendency  to  rise  in  temperature 
steps  must  immediately  be  taken  to  arrest  this,  otherwise  the  increase  of  heat  will 
be  80  rapid  after  a  time  that  it  will  not  be  possible  to  cope  with  it  unless  drastic 
measures  are  taken,  such  as  to  turn  over  the  heap,  or  as  it  has  happened  before, 
letting  it  bum  itself  out. 

**The  liability  of  small  coal  to  cr.eate  spontaneous  combustion  is  very  pro- 
nounced, both  from  its  size  and  also  from  it  dosing  up  the  paths  whereby  the 
heat  generated  would  otherwise  escape  freely  to  the  atmosphere.  I  suggest  that  most 
of  the  oxidation  is  superficial  and,  therefore,  if  the  smalls  absorb  more  oxygen, 
they  generate  more  heat  in  a  given  time  than  the  larger  coal,  and  therefore,  small 
coal  is  more  liable  to  fire  than  large  coal,  particularly  if  steps  are  not  taken  to 
let  this  heat  out.  This  means  that  there  is  one  safe  height  that  must  not  be  exceeded, 
bat  as  there  are  other  factors  that  must  be  taken  into  consideration  at  the  same 
time,  it  would  be  almost  impossible  to  fix  this  height  for  every  heap.  The  height 
of  pile  can  be  increased  above  this  safe  height,  providing  means  are  taken  to  vent 
it.  The  more  it  is  vented  the  higher  the  heap  can  be  piled.  Generally  speaking, 
12  to  14  feet  is  about  as  high  as  one  should  deposit  small  sized  coals;  9  to  12  fe*jt 
for  unwashed  mixed  coals;  for  slack  a  great  deal  depends  upon  the  composition. 
Two  heaps  of  slack  were  allowed  to  rise  120  degrees  before  moving.  These  heaps 
gave  considerable  trouble  at  a  height  of  10  feet,  but  even  when  the  height  was 
reduced  to  6  feet,  there  was  a  tendency  to  increase  in  temperature.  My  opinion 
of  the  cause  of  the  trouble  was  bad  washing  of  the  material;  thus  after  a  shower, 
the  shale-like  material  formed  a  plastic  mass  with  the  coal  practically  preventing 
any  escape  of  heat. 

**A8  a  rule,  little  trouble  is  experienced  in  the  storage  of  large  coal,  but  one 
must  be  careful  even  with  this,  for  in  event  of  fire  great  difliculty  will  be  cx- 
I»erienced  in  putting  it  out  owing  to  the  ready  access  of  oxygen  for  supporting? 
combustion.  Care  should  be  taken  not  to  make  any  smalls  when  depositing  this 
coal,  and  if  possible  the  coal  should  be  selected  that  will  weather  best,  otherwise 
that  on  top  will  crumble  up  and  fill  up  the  interstices  underneath. 

* '  The  geological  age  of  coal  is  a  fair  guide  to  its  liability  to  heat,  anthracite 
being  the  safest  to  store  and  lignite  the  most  dangerous.  A  good  guide  is  the 
weathering  effect  on  a  sample  rather  prominently  exposed  and  occasionally 
moistened  with  water  by  hand,  that  which  readily  crumbles  up  being  the  moat 
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dangerous  but,  of  course,  a  great  deal  depends  on  the  composition  of  the  coal, 
considering  thp  impurities  and  foreign  material  that  may  be  mixed  with  it." 

The  figures  given  in  Table  4  indicate  that  a  mixture  of  kinds  and 
sizes  increases  the  hazard;  but  these  figures  are  by  no  means  con- 
clusive as  to  the  effect  of  mixture  of  kinds  of  coal,  for  the  question- 
naires show  that  the  mixtures  which  fired  contained  fine  coal  and  this 
may  have  been  the  determining  factor,  rather  that  the  mixture  of 
different  varieties  of  coal. 

Table  4 
Results  of  Mixture  of  Sizes  and  Kinds  of  Coal 


Questionnaire  A 

Questionnaire  B 

Mixture  of 
Siaes  and  Kinds 

Same  Sise 
and  .Kind 

Mixture  of 
Sixes  and  Kinds 

Same  Siae 
and  Kind 

No. 

Per  Cent 

No. 

Per  Cent 

No. 

Per  Cent 

No. 

PrrCent 

Fired           

31 
12 

69 
36 

14 
21 

31 
64 

23 
39 

30 
17 

52 
185 

70 

Not  fired 

83 

15.  Effect  of  Depth  of  the  PUe. — There  is  a  rather  conunon 
opinion  that  heating  is  most  likely  to  occur  about  five  feet  from  the 
surface.  The  table  given  on  page  187  of  Circular  No.  6  of  tempera- 
ture observed  by  the  Cleveland,  Cincinnati,  Chicago,  and  St.  Lioais 
Railroad  at  Hillary,  Illinois,  shows  the  highest  temperature  to  occur 
at  points  five  to  ten  feet  from  the  top  of  the  pile  and  that,  in  general, 
there  is  a  gradual  decrease  in  temperature  below  this  maximum  point. 

J.  H.  Anderson  says*: 

* '  From  previous  experience  we  found  the  warmest  place  to  be  between  6  ajid 
8  feet  deep  from  the  surface;  so  from  this  we  established  a  depth  of  7  feet  as  the 
standard  depth  to  record  temperatures. ' ' 

John  Morison  sayst : 

"  It  is  usual  to  find  that  heating  commences  at  a  depth  of  about  5  feet,  and  if 
left  alone  it  will  spread  downward  until  the  coal  fires. ' ' 

If  coal  is  so  piled  that  the  fine  portion  stays  on  top  of  the  pile  and 
the  lumps  roll  to  the  bottom,  a  point  will  occur  in  the  pile  where  the 

*  Trans.  Inst,  of  Marine  Engineers,  Vol.  30,  p.  83,  June,   1918. 
t  North  of  England  Institutcr.  Feb.  9,  1918. 
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air  supply  will  be  just  suflScient  to  cause  combustion  of  the  fine  coal 
but  not  sufficient  to  carry  away  the  heated  gases.  Just  where  this 
point  will  be  depends  on  the  height  of  the  pile,  kind  of  coal,  and 
method  of  storage,    ^he  replies  to  Questionnaires  A  and  B  as  given 

Table  5 
Effect  on  Spontaneous  Combustion  of  Depth  of  Coal  Pile 


Questioonaire  A 

Questionnaire  B 

I>KJ-rEi  or  Pile 

Fired 

Not  Fired 

Total 
No. 

Fired 

Not  Fired 

No. 

Per  Cent 

of 

Given 

Depth 

No. 

Per  Cent 

of 

Given 

Depth 

No. 

Per  Cent 

of 

Given 

Depth 

No. 

Per  Cent 

of 

Given 

Depth 

Total 
No. 

8  ft.  or  leas 

8  ft.  to  20  ft 

Over  20  ft 

Not  stated 

2 
21 
21 

1 

33.33 
62.50 
67.74 

4 

19 
10 

66.67 
47.50 
32.26 

6 
40 
31 

1 

26 

37 

5 

7 

18.44 
32.17 
41.67 

115 

78 

7 

81.56 
67.83 
68.33 

141 

115 

12 

35 

Totals 

46 

33 

„  . . 

78 

75 

228 

303 

in  Table  5  indicate  that  the  percentage  of  fires  increases  as  the  depth 
of  pile  increases.  While  the  evidence  seems  to  show  that  fires  are 
more  common  in  deep  than  in  shallow  piles,  the  reason  for  this  is 
by  no  means  certain,  but  any  one  of  the  following  conditions  may 
contribute  to  the  result : 

(1)  There  is  less  opportunity  for  the  air  to  circulate 
through  the  pile  and  to  carry  off  the  surplus  heat. 

(2)  The  air  and  gases  gradually  rising  through  the 
pile  and  increasing  in  temperature  as  they  do  so,  may  finally 
reach  the  temperature  of  spontaneous  combustion  of  the  coal. 
This  opinion  is  held  by  many,  but  if  it  is  true,  the  greater 
number  of  fires  should  be  found  near  the  top  of  the  pile. 

(3)  There  will  usually  be  increased  breakage  and  an 
increased  amount  of  fine  coal  which  is  the  portion  of  the 
coal  most  liable  to  spontaneous  combustion. 

(4)  There  is  greater  difficulty  in  watching  the  pile 
and  in  detecting  incipient  heating.  Consequently,  fires  de- 
velop in  deep  piles  without  detection  more  readily  than  in 
low  piles. 
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16.     Effect  of  Quantity  of  Coal  in  Storage. — Table  6  indicates 
that  the  liability  to  fires  increases  with  the  size  of  the  pile,  but  the 


Table  6 
Effect  on  Spontaneous  Combustion  of  Quantity  of  CJoal  in  Storage 


Qu<«tionnaire  A 

Fired 

Not 
Fired 

Total 

Fired 

Not 
Fired 

Totd 

Quantity 

6 

ii! 

6 

6 

3 

i2 

d 

o 

2: 

Si 

* 

1^88  than  500  toni* 

2 
5 
18 
11 
8 

50 

50 

66.67 

47.83 

66.67 

2 
5 
9 
12 
4 
1 

50 
50 

33.33 
52.17 
33.33 
100.00 

4 

10 
27 
23 
12 

1 
1 

35 

11 

26 

0 

18.61 
24.44 
40.62 

153 

34 

38 

3 

81.39 
75.66 
50.38 

188 

500  to  1000  tons 

45 

1000  to   10  000  toDB 

64 

10000  to   100000  tons 

3 

100  000  to   1 000  000 

Over  1000000  tons 

\ot  stated 

1 

3 

u 

1         .1 

" 1 

Totals 

45 

33 

78 

75 

228 

303 

same  considerations  that  make  the  evidence  inconclusive  for  increased 
hazard  with  increased  depth,  apply  here ;  also  the  term,  Quantity  in 
Storage,  is  often  indefinite.  Ten  thousand  tons  stored  in  one  pile 
thirty  feet  high  is  probably  more  of  a  fire  hazard  than  the  same  amowit 
spread  out  in  a  pile  only  five  feet  high ;  but  this  and  other  conditions 
of  piling  are  not  evidenced  by  the  statements  in  the  replies  received 
under  the  heading,  Amount  in  Storage,  The  difficulties  of  storing 
and  watching  a  large  quantity  may  increase  the  fire  hazard,  but  a 
large  quantity  is  not  per  se  more  dangerous  than  a  small  amount 

17.  Effect  of  Methods  of  Piling.— A  study  of  the  effect  of  the 
methods  of  piling  indicates  that  the  lowest  percentage  of  fires  occurs 
where  the  coal  is  stored  by  hand.  It  is,  however,  only  the  small  low 
piles  which  are  piled  by  hand,  and  as  pointed  out  previously,  the 
depth  of  the  pile  and  to  some  extent  the  quantity  of  the  coal  piled 
are  factors  in  the  liability  to  spontaneous  combustion.  Any  mechanical 
method  of  piling  sliould  be  so  devised  that  there  will  be  the  least 
possible  segregation  of  the  size«  of  coal  and  the  least  possible  breakage 
in  handling.    The  coal  should  be  distributed  in  layei-s  over  the  Mholc 
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or  a  considerable  part  of  the  pile  and  not  dropped  at  one  point 
so  as  to  produce  a  conical  pile.  In  a  conical  pile  the  fine  material 
is  generally  foand  at  the  center  and  the  lumps  at  the  outside  and 
toward  the  bottom  of  the  slope;  this  arrangement  gives  a  passage- 
way for  air  to  enter  the  pile  and  to  reach  the  fine  coal  near  the  center, 
which  is  the  most  liable  to  spontaneous  combustion.  A  number  of 
fires  have  started  at  a  point  within  the  pile  where  the  flow  of  the  air 
current  was  obstructed  by  the  fine  coal,  thus  establishing  a  condition 
in  which  the  material  mast  liable  to  spontaneous  combustion  was  in 
contact  with  an  excessive  amount  of  oxygen.  On  account  of  the  rapid 
oxidation  of  fine  coal,  the  air  current  passing  through  such  coal  should 
be  greater  than  that  passing  through  larger  sizes,  while  if  the  coal 
s^regates  in  piling  just  the  opposite  condition  is  set  up.  To  prevent 
breakage  the  clam-shell  or  other  bucket  should  be  lowered  near  to 
the  surface  of  the  pile  before  being  dumped. 

Table  7 
Effect  on  Spontaneous  Combustion  of  Method  of  Piling  Coal 


Questionnaire  A 

Questionnaire  B 

Method 

Total 

Fired 

Not 
Fired 

Total 

Fired 

Not 
Fired 

SboTeM  by  hand 

IIH 

1 

5H 

6 

201 

35 

166 

Oumped  from  wmgon 

WbeelbaiTow ". 

1 

4 
4 

2 

2 

Dumped  from  truck            

4 

Wheeled  scr&Der 

2 

2 

Dropped  from  car      

9 
13 
5 

3 
7 
4 

6 

".:::::y :::.'.:. 

6 

Conveyor 

. 

1 

Dropped  from  car  on  trestle 

EleTator 

1 

1 

7 
2 

3 

4 

Bridge 

2 

Hydraulic 

i^- 

1^ 

In  hopper        

Notnatod  

58 

21 

37 

n^m  9h«U 

sin 

.?;i 

f\itm 

18 

Dodge  storage  system 

1 

3 

1 
2 
7 
1 
2 

1 
1 

"2"" 
3 

'"2"'" 

? 

Elevator 

I 

Brid^     ... 

4 

1 

Underwater 

Not  stated 

Totals 

78 

45 

33 

303 

75 

228 

♦  H  indicates  that  a  storage  pile  was  partly  piled  by  one  method  and  partly  oy  another. 
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18.  Causes  of  Fires, — The  question,  **What  in  your  opinion  was 
the  cause  of  the  firet"  brought  forth  a  number  of  reasons  -which  are 
listed  in  Table  8  for  the  purpose  of  expressing  popular  opinion  on  the 
subject. 

Table  8 
Causes  of  Fire 


Cadbes  or  Fire 

Questionnaire  A 

Questionnaire  B 

OutAide  source  of  beat  or  aid  to  combuation  in  contact 
with  coal 
Ground  saturated  with  oil 

2 

2 

1 

'2' 
2 

3 

3 

8 

"'4' 
1 
2 

15 

Wood  in  coal          

Heat  from  boiler 

3 

1 
1 

Litter  from  stables               

Rust  from  embedded  steel  rails 

Moisture  or  weather  conditions 

Rain 

4 

Blanket  of  snow                  

Wet  coal 

7 

Contact  wet  and  dry  coal                   ....        

1 

Wet  ground  or  water  under  pile 

1 

WeAtnpr  f*ondition  when  coal  was  unloaded 

Sun 

2 

Sulphur .    . 

9 

No  reason  evident  except  coal  itself  or  method  of  piling 
I^ck  of  ventilation                  

2 

Air  circulation 

1 

Fine  coal 

1 

Mixture  of  coal 

2 

New  coal  piled  on  old  coal 

Pile  too  deep          

1 

Quality  of  coal 

1 

No  opinion 

31 

ToUls 

45 

76 

19.  Extent  of  Fires  When  Discovered. — The  extent  to  which 
the  fire  was  allowed  to  progress  before  discovery  has  been  tabulated, 
not  because  it  tells  anything  about  the  cause  of  the  fire,  but  because 
it  serves  as  an  indication  of  the  attention  given  the  storage  pile : 


Table  9 
Extent  to  which  Heating  Had  Progressed 


Condition 

OF 

Fire 

Questionnaire  A 

Quest 

ionnaire 

B 

fkJor  ulily 

0 

12 

3 
39 
13 
20 

»  hen  exposed 

Totals 

45       1 

75 
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If  precautions  had  been  taken  by  the  ordinary  methods  of  watch- 
ing for  fires  and  by  being  prepared  to  handle  them  promptly,  none 
of  the  fires  should  have  reached  the  point  of  blazing.  If  thermometer 
readings  are  taken,  the  heating  of  the  pile  can  be  stopped  before  it 
reaches  the  point  where  smoke  due  to  combustion  is  given  off.  Temper- 
ature readings  are  not  taken  nearly  so  often  as  they  should  be  in 
watching  a  storage  pile  but  the  following  reports  are  of  interest,  as 
showing  very  imperfectly  some  relation  between  observed  temperature 
and  the  other  evidence  of  firing  in  a  coal  pile.  The  indefinite  use  of 
the  term,  fire^  renders  any  generalization  from  these  figures  impossible 
as  fire  and  heating  are  too  often  used  synonymously. 

Table  10 
Temperature  Observed  in  Storage  Piles 


No  Fires  Observed 

Fires  Observed 

145°Fahr.    Coal  moved 

69«-82° 

V2X^             Coal  moved 

132*'  Fahr.    Short  time  before  fire 

ISQO              Smoking 

160*               Smoking 

140*»               Before  smoke  seen 

180°              After  smoke  seen 

185«              Smoking 

Temperature  readings  were  not  taken  in  any  one  of  the  75  piles 
where  fires  occurred  as  noted  in  Questionnaire  B  and  in  only  one  case 
of  the  303  reports  of  storage  was  there  a  temperature  reading  taken. 
This  was  125  degrees  Fahr.,  in  the  center  of  a  storage  pile.  When 
the  coal  was  removed  from  above  this  point,  the  pile  cooled  off. 

20.  Danger  Temperatures  in  Coal  Piles. — One  railroad  advises 
loading  out  the  coal  if  the  temperature  reaches  100  degrees,  but  as 
the  temperature  in  the  sun  in  summer  over  a  large  part  of  the  United 
States  is  frequently  above  100  degrees,  this  regulation  would  be  im- 
practicable. Moreover,  summer  is  the  best  time  to  store  much  of  the 
coal  on  account  of  production  and  transportation  conditions. 

J.  H.  Anderson*  says:  ** Ninety  degrees  Fahr.  was  made  a  warn- 
ing temperature.  One  hundred  degrees  Fahr.  was  adopted  as  a 
danger  reading  at  which  ppint  a  trench  was  dug  in  the  pile.'*t 

•Trans.   Inst,  of  Marine  Engineers,  Vol.   XXX,  June,   1918. 

t  See  page  36  for  method  adopted  by  Mr.  Anderson  to  arrest  rise  in  temperature. 
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In  Circular  No.  6,  140  degrees  was  given  as  a  warning  tempera- 
ture ;  later  studies  indicate  that  if  the  temperature  reaches  140  degrees 
the  pile  should  be  carefully  watched  and  if  the  temperature  con- 
tinues to  rise  rapidly  to  150  or  160  degrees,  the  coal  should  be  moved 
as  promptly  as  possible  and  the  coal  thus  moved  should  be  thoroughly 
cooled  before  being  replaced  in  storage.  If  the  temperature  rise^ 
slowly,  although  the  pile  should  be  carefully  watched,  it  is  not  neces- 
sary to  begin  moving  the  coal  at  so  low  a  temperature  as  when  the 
rise  is  rapid,  for  the  temperature  may  recede  and  the  danger  be 
passed. 

21.  Detection  of  Coal  Pile  Fires. — The  common  methods  of  de- 
to<'tiiig  the  heating  of  a  coal  pile  are: 

(1)  By  watching  for  evidences  of  steaming  in  the  pile. 

(2)  By  noting  the  odor  given  off;  bituminous  or  sul- 
phurous odors  are  evidences  of  heating. 

(3)  By  noting  places  where  snow  on  a  pile  has  melted. 

(4)  By  inserting  an  iron  rod  in  the  pile,  and  by  noting 
its  temperature  with  the  hand  after  withdrawal. 

(5)  By  inserting  thermometers  into  the  pile  and  read- 
ing directly. 

(6)  By  using  a  pyrometer  or  plates  connected  with  an 
automatic  recording  device. 

The  first  three  methods  are  so  self-evident  in  their  application 
that  it  is  unnecessary  to  discuss  them  in  detail,  but  with  a  large  pile, 
and  particularly  one  whore  the  heating  is  distant  from  the  surface, 
a  fire  may  reach  an  advanced  stage  without  being  detected  by  surface 
indications. 

Method  No.  4,  by  which  the  temperature  of  an  iron  rod  is  noted 
with  the  hand,  is  a  simple  test,  and  one  well-adapted  to  piles  not 
over  eighteen  to  twenty  feet  deep.  By  this  means  a  janitor  using  a 
poker  may  keep  informed  as  to  the  condition  of  the  comparatively 
small  amounts  stored  in  house  or  apartment  basements. 

Temperature  readings  with  a  thermometer  or  pyrometer  furnish 
by  far  the  best  and  most  reliable  method  for  keeping  informed  on 
the  exact  condition  of  a  coal  pile. 

To  get  the  temperature  of  the  inside  of  a  coal  pile  it  is  necessarj' 
first  to  provide  an  opening  into  which  a  thermometer  or  a  pyrometer 
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Fig.  1.     Pile  or  Screenings  with  Temperature  Tubes,  Closed  at  Upper 
Ends  by  Wooden  Plugs 
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may  be  inserted.  Such  openings  may  be  made  after  the  coal  is  in 
storage  by  driving  pipes  into  the  pile,  but  it  is  easier  to  place  these 
pipes  when  the  coal  is  being  stored.  Pipes  left  permanently  in  a 
pile  are  a  disadvantage  as  they  interfere  with  the  appliances  used 
to  remove  the  coal.  Instead  of  leaving  the  pipe  in  the  coal  pile  it 
is  sometimes  necessary  only  to  drive  it  and  then  withdraw  it,  the  hole 
remaining  open  suflSciently  to  permit  the  insertion  of  the  thermometer. 
To  prevent  the  hole  from  filling  with  coal,  an  inverted  funnel  of  paper 
is  used  in  Canada. 

Such  pipes  as  shown  in  Fig.  1  should  be  plugged  at  the  upper 
end  so  as  to  exclude  the  outside  air,  for  if  ventilation  is  allowed 
through  these  pipes,  a  correct  temperature  reading  of  the  interior  of 
the  coal  pile  is  not  obtained. 

If  an  iron  pipe  of  small  diameter  is  forced  into  the  coal  pile 
and  is  then  moved  up  and  down,  the  small  amount  of  coal  which  has 
entered  the  pipe  is  removed.  To  prevent  the  pipe  from  filling  up 
with  coal  as  it  is  driven  into  the  pile,  a  pointed  plug  may  be  placed 
in  the  end  of  the  pipe  and  when  the  pipe  has  been  forced  into  the 
pile  to  the  desired  depth  the  plug  may  be  driven  out  by  means  of  a 
rod  inside  the  pipe.  Before  inserting  the  thermometer  the  pipe  should 
be  pulled  up  a  slight  distance  so  that  the  thermometer  reading  may 
give  the  temperature  of  the  coal  and  not  that  of  the  iron  pipe. 

One  answer  to  the  questionnaire  described  a  method  of  making 
an  observation  hole  by  running  a  rod  into  the  pile  and  then  moving 
it  around  in  a  circle  to  form  a  hole  sufficiently  large  and  open  for  the 
insertion  of  a  thermometer. 

The  Arthur  D.  Little  Company,  Incorporated,  of  Boston,  makes 
the  holes  with  a  regular  coal  auger  drill  which  is  described  as  follows : 

"These  augers  are  regular  mine  auger  drills  and  the  total  length  of  the 
auger  can  be  extended  indefinitely  by  sectional  parts  fitted  with  screw  threads. 
It  is  preferable  to  have  a  handle  for  turning  the  driU,  although  this  can  be  very 
easily  accomplished  by  means  of  a  StiUson  wrench.'' 

J.  H.  Anderson*  describes  a  method  that  he  used  with  success 
for  watching  and  regulating  the  temperature  of  coal  piles.  A  storage 
pile  of  about  16  000  tons  composed  of  a  variety  of  coals  which  would 
not  be  stored  under  ordinary  circumstances  was  chosen  for  experi- 
mental purposes,  the  depth  of  the  pile  varying  at  different  points. 
The  coal  was  stored  on  marshy  ground  above  a  ditch  which  had  been 
filled  with  ashes  to  the  level  of  the  surrounding  marsh.    Some  of  the 

*  Trans.  Inst,  of  Marine  Engineers.  June.   1918. 
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coal  was  depasited  during  very  hot  weather  and  some  during  heavy 
rain.  Some  was  dry  when  unloaded  from  tlie  steamer  and  some 
soaking  wet.  The  conditions  thus  seemed  to  be  particularly  unfavor- 
able and  extra  care  was  exercised  in  watching  the  pile.  Tempera- 
ture readings  were  taken  at  fourteen  different  places  in  the  pile 
nearly  every  day  at  a  depth  of  seven  feet  from  the  surface,  as  pre- 
vious experience  had  shown  that  the  wannest  place  was  between  six 
and  eight  feet  from  the  surface.  This  standard  depth  was  also  adopted 
for  comparing  the  results  obtained  in  piles  in  other  parts  of  the 
county.  Occasional  check  readings  were  taken  at  every  foot  depth 
in  the  pile.  The  temperature  tubes  %  inch  to  1  inch  in  diameter 
were  driven  to  the  bottom  of  the  coal  and  were  long  enough  to  pro- 
ject two  or  three  feet  above  the  pile.  Each  tube  had  a  numbered 
metal  label  on  it  for  purposes  of  easy  identification.  In  addition  to 
the  temperature  pipes  about  fifty  **vent"  pipes  were  placed  in  the 
pile,  not  to  ventilate  the  whole  pile,  but  to  draw  off  hot  gases  from 
local  points.  These  pipes  were  3  inches  to  4  inches  in  diameter  and  8 
feet  long.  About  8  inches  along  the  length  four  holes  were  punched 
from  the  outside  with  a  square  tapered  punch  to  about  %  inch ;  thus 
leaving  a  burr  which  prevented  the  coal  from  going  down  inside  the 
pipe.  To  facilitate  driving  into  the  coal  pile,  the  ends  of  the  pipes  were 
flattened  chisel-shaped  with  an  aperture  about  one-half  inch  left  to 
prevent  an  accumulation  of  water  at  the  bottom  of  the  pipe  and  to 
permit  the  escape  of  air  and  gases.  The  pipes  were  driven  to  a  depth 
of  seven  feet  in  the  coal,  leaving  one  foot  projecting  above  the  surface. 
A  distinctive  number  was  painted  on  each  so  that  temperature  read- 
ings could  be  properly  accredited. 

By  means  of  periodical  temperature  readings  a  close  watch  was 
kept  on  the  pile.  Ninety  degrees  Fahr.  was  made  a  warning  tempera- 
ture and  when  this  temperature  was  observed  at  any  place,  four  tem- 
perature pipes  were  driven  north,  south,  east,  and  west  about  ten  feet 
from  the  warm  pipe.  The  next  day  readings  of  the  four  pipes  were 
carefully  noted  and  the  one  showing  the  highest  temperature  was 
made  the  center  and  other  pipes  were  put  down  around  it.  When 
the  warmest  spot  was  found  in  this  way,  a  vent  pipe  was  put  in  at 
this  point  and  the  rise  in  temperature  was  generally  arrested.  The 
smaller  temperature  pipes  were  then  removed.  One  hundred  degrees 
Falir.  was  adopted  as  a  danger  reading  and  if  the  vent  pipe  failed 
to  arrest  the  temperature  and  it  reached  100  degrees,  a  trench  one 
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foot  deep  was  dug.  If  the  daily  readings  were  100  degrees  for,  say 
three  days,  a  spot  woidd  be  trenched  three  feet  deep.  The  danger 
temperature  originally  adopted  was  95  degrees  Fahr.,  and  on  four 
separate  occasions  trenching  was  done  at  one  place,  about  10  000  tons 
of  material  being  removed.  As  the  readings  in  this  pile  at  no  time 
reached  100  degrees  Fahr.,  the  trenching  probably  would  have  been 
unnecessary  if  additional  vent  pipes  had  been  used.  The  coal  was  16 
feet  deep  at  this  point. 

A  somewhat  similar  method  used  by  the  Boston  and  Albany 
Railroad  is  described  by  S.  Bisbee,  Fuel  Supervisor,  as  follows:* 

*'At  one  point  2-inch  flues  sharpened  at  the  end  were  forced  down  to  the 
bottom  of  the  pile  and  worked  around,  then  withdrawn,  leaving  a  hole  3  to  4 
inches  in  diameter,  the  holes  being  spaced  5  feet  apart.  If  there  is  any  tendency 
to  heaty  the  number  of  holes  is  increased.  Little  trouble  from  spontaneous  com- 
bustion. One  fire  started  around  a  wooden  pier,  and  another  fire  started  in  a  high 
pile  10  feet  from  the  bottom.  Ck>al  below  this  point  found  to  be  cool  and  no 
further  trouble.  Other  fires  occurred  where  piles  had  been  placed  on  cinders.  In 
DO  place  did  we  have  to  dig  out  the  coal  for  a  distance  of  more  than  40  feet,  show- 
ing the  spontaneous  combustion  was  due  to  some  local  cause  and  that  being  re- 
moyed  there  was  no  further  trouble." 

22.     Appliances  for  Reading  Temperatures. — 

Thennometen 
The  simplest  form  of  thermometer  for  obtaining  the  tempera- 
ture inside  such  temperature  holes  is  an  armored  maximum  register- 
ing thermometer,  as  illustrated  in  Fig.  2. 
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Fio.  2.    Maximum  Temperature  Thermometer  —  Armored  Type 

Thennostats 
The  Illinois  Central  Railroad  has  used  at  several  coal  chutes, 
thermostats  which  were  placed  on  the  bottom  plates  of  the  coal  bins 
so  that  if  the  coal  heated  in  the  bottom  of  a  bin  an  alarm  would  be 
rung.  These  were  installed  in  connection  with  an  automatic  hot 
journal  alarm  system  furnished  by  the  Western  Fire  Appliance  Com- 
pany of  Chicago. 


*  "Storage  of   Coal    by    Railroods   during    1918.'*    by    H.   H.    Stock.      Int«r.    Uy.    Fuel 
Assoc.  Proc.,   1919. 
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Becording  Thermometers 

A  recording  thermometer,  made  by  the  Foxboro  Company,  for 
obtaining  the  temperature  of  a  coal  pile,  is  illustrated  in  Pig.  3. 
It  consists  of  a  recording  pen  that  is  operated  by  the  vapor  tension 
from  a  volatile  liquid  placed  in  a  bulb  at  the  end  of  a  long  flexible 
armored  tube.  This  capillary  tube  is  usually  about  five  feet  long 
but  practically  any  desired  length  may  be  used.  To  register  ac- 
curately the  temperature  of  the  hub  must  be  about  that  of  the  at- 
mosphere. The  instrument  can  be  equipped  with  an  electrical  alarm 
so  that  a  bell  or  other  means  of  signal  will  be  operated  if  the  tempera- 
ture rises  to  a  predetermined  danger  point. 

A  cheaper  installation  consists  of  a  dial  thermometer  as  shown 
in  Fig.  4,  similarly  connected  to  a  bulb  by  a  protected  capillary  tube. 
This  form  can  also  be  arranged  to  give  warning  automatically  when 
a  given  temperature  is  reached. 

The  Zeleny  Thermometer 

The  Zeleny  Thermometer  system  which  is  extensively  used  for 
observing  the  temperature  of  grain  in  storage  tanks  or  bins  has  been 
adopted  for  observing  the  temperature  of  coal  in  storage  in  silos, 
pockets,  or  other  storage  bins. 

The  apparatus  consists  of  a  reading  instrument  and  a  switch- 
board as  shown  in  Fig.  5.  From  the  contact  points  of  the  switch- 
board, wires  lead  to  the  various  points  in  the  bins  where  the  tempera- 
ture is  desired.  The  contact  pins  are  properly  labeled  and  when  the 
switch  lever  is  placed  in  contact  with  any  one  of  these,  the  reading 
instrument  indicates  the  temperature.  In  this  way  the  temperature 
of  many  stations  may  be  determined  in  a  short  time.  The  action  of 
the  instrument  depends  upon  the  thermo-electric  properties  of  the 
metals  used  in  the  construction  of  the  circuits.  The  wires  leading 
into  the  coal  are  enclosed  in  heavy  steel  conduits  so  as  to  withstand 
the  pull  of  the  coal  when  the  bins  are  being  emptied.  These  steel 
conduits  are  supported  at  the  top  but  are  free  to  swing  at  the  bottom. 
Naturally  when  there  is  coal  in  a  bin  the  conduit  is  held  stationary 
by  the  coal.  When  the  bin  is  empty  the  lower  end  of  the  conduit  may 
be  tied  by  a  small  rope  to  the  bottom  of  the  bin  so  as  to  keep  it  from 
swinging  when  the  bin  is  being  filled.  In  coal  silos  or  bins  of  small 
diameter  it  may  be  suflScient  to  know  the  temperature  of  the  coal 
along  the  walls  or  other  supports  in  the  bins ;  in  this  case  the  swing- 
ing steel  conduits  could  be  eliminated,  and  stations  fixed  at  several 
points  along  walls  or  supports. 
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Pio.  3.    Becordino  Thermometer  —  Long  Distance  Ttpe 


Ao.  4.    Indicating  Thermometer  —  Long  Distance  Type 
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Fig.  5.    Zeleny  Thermometer  System  —  Reading  Instrument  and 
Switch  Board 


Fig.  6.    Indicating  Pyrometer  —  Millivoltmeter  Type 
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Pig.  7.    Indicating  Pyrometer  with  Alarm  Attachment 


Pio.  8.    Indicating  Pyrometer  —  Potentiometer  Type 
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Fig.  9.    Base  Metal  Thermocouples  fob  Pyrometers 
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Pyromoters 

Fig.  6  shows  a  portable  electric  pyrometer  that  has  been  used 
for  obtaining  the  temperature  of  coal  piles  and  Fig.  7  a  similar  alarm 
pyrometer. 

A  recording  pyrometer  may  be  connected  with  a  rotary  switch 
having  any  desired  number  of  points,  each  point  suitably  connected 
with  a  separate  thermocouple  that  may  be  placed  in  any  part  of  the 
coal  pile. 

An  indicating  pyrometer  of  the  potentiometer  type  for  use  with 
thermocouples  is  shown  in  Fig.  8.  This  reads  in  millivolts  and  it  may 
be  used  with  most  types  of  thermocouples.  The  cold  junction  compen- 
sator on  the  instrument  is  also  calibrated  in  millivolts.  With  this 
instrument  it  is  necessary  to  use  a  transfer  table  of  millivolts  and 
temperature  for  the  particular  thermocouples  used.  The  instrument 
will  cover  a  range  of  approximately  zero  degrees  to  340  degrees  Fahr. 
Pig.  9  illustrates  the  type  of  base  metal  couple  for  use  with  this 
instrument. 

Thermocouples  and  Potentiometers 

Fig,  10  shows  a  method  of  observing  temperatures  in  a  coal  pile 
of  10  000  tons  described  by  T.  W.  Poppe.*  Observations  were  taken 
at  points  noted  in  the  plan  inside  of  one-inch  wrought  iron  pipes 
welded  to  a  point  at  the  ends  which  were  driven  into  the  pile.  The 
exposed  ends  were  fitted  with  self-closing  caps  to  prevent  the  entrance 
into  the  pipes  of  anything  that  might  interfere  with  the  introduction 
of  thermocouples.  Fifteen  portable  thermocouples  were  used  and  the 
wiring  from  these  extended  to  a  pole  centrally  located  in  the  coal 
pile  from  which  a  permanent  wire  extended  to  the  engineer's  oflSce. 
The  switches  in  the  oflSce  were  numbered  and  lettered  to  correspond 
with  the  pipes  in  the  coal  pile.  An  attendant  placed  the  thermocouples 
in  the  pipes  1  to  15  row  A  and  the  readings  were  taken  at  the  switch- 
board. As  soon  as  the  last  couple  had  been  placed  in  15  A,  the  atten- 
dant began  to  move  thermocouple  1  A  to  1  B,  etc.,  in  numerical 
sequence,  the  time  elapsing  between  the  placing  of  1  and  15  being 
sufficient  to  allow  the  couples  to  become  heated  to  the  temperatures 
in  the  several  pipes.  A  recording  pyrometer  can  also  be  used  with 
the  arrangement  outlined.  If  a  temperature  of  250  degrees  was  in- 
dicated at  any  point,  the  nearby  coal  was  at  once  moved  to  a  point 


*  Power.  Nov.   5.    1918. 
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Fig.  10.    Plan  and  Section  op  CJoal  Pile  Showing  Arrangement  op 
Receptacles  por 'Pyrometers 

near  the  place  of  consumption.  In  removing  the  coal  from  this  pile 
to  the  boiler  plant  it  was  taken  off  in  layers  two  feet  thick  over  the 
whole  pile,  a  gradual  slope  being  maintained  as  shown  to  facilitate 
the  use  of  a  wheelbarrow. 

Mr.  6.  J.  Congdon,  Supervisor  of  Fuel  of  the  Chicago  Great 
Western  Railroad,  has  described  the  use  of  a  thermocouple  and  po- 
tentiometer by  his  road  as  follows: 

'  *  The  machine  was  purchased  after  the  coal  was  on  the  ground  and  in  order  to 
got  the  thermocouple  down  into  the  coal  it  was  necessary  to  drive  old  flues  into  the 
piles  about  15  feet  apart  and  in  addition  we  have  a  portable,  jointed  pipe  which  can 
Ikj  driven  into  the  piles  at  any  place  desired  where  the  temperature  may  be  thought 
to  be  rising.  These  pipes  are  perforated  at  the  bottom  and  covered  at  the  top  in 
order  to  keep  the  circulation  down  as  low  as  possible. 

*'By  means  of  the  blank  form  (Fig.  11)  which  is  filled  out  on  the  ground, 
:i  careful  clieck  is  kept  to  see  wliether  tlie  temperature  is  rising  or  falling.  It  i? 
a  very  simple  matter  to  see  how  the  coal  is  storing  as  the  temperature  can  be  eom- 
pared  from  week  to  week  and  where  there  is  an  inclination  to  rise  consistently 
we  proposed  to  dig  out  that  particular  spot  and  use  the  coal  at  once  in  order  that 
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it  may  not  spread  to  the  rest  of  the  pile,  but  we  have  never  had  to  remove  anj 
of  our  coal  on  account  of  heating. 

*  *  The  cables  we  use  have  five  couples  but  it  was  never  necessary  to  use  bat 
three  of  the  couples  as  we  had  our  coal  piles  only  10  to  12  feet  high.  The  tem- 
peratures were  taken  by  inserting  this  cable  into  the  flue  driven  to  the  bottom  of 
the  coal  or  nearly  so  and  leaving  it  to  adjust  itself  to  the  temperature  in  the  pipe, 
taking  care  meanwhile  to  keep  the  top  of  the  pipe  covered  as  much  as  possiUe. 
This  takes  only  a  few  seconds.  By  changing  the  terminals  on  the  cable  to  the 
potentiometer  we  could  ascertain  the  temperature  at  the  bottom,  five  feet  from 
the  bottom  and  ten  feet  from  the  bottom  or  by  graduating  the  cable  you  eoold 
insert  the  same  to  any  depth  desired  although  on  the  whole  I  think  but  one  tem- 
perature is  about  all  you  could  get  from  the  flue  and  that  would  be  the  highest  one. 

'  *  One  of  the  bad  features  of  the  machine  is  the  fact  that  it  is  very  hard  to 
get  it  even  on  top  of  a  coal  pile  and  unless  it  is  level  there  is  liable  to  be  quite  a 
difference  in  two  readings  even  taken  on  the  same  day.  I  used  a  small  spirit  level 
for  this  purpose  satisfactorily. ' ' 

23.  Time  when  Fire  Was  Noted, — The  length  of  time  the  coal 
was  in  storage  before  fire  was  discovered  is  shown  by  the  graphs, 
Figs.  12  and  13  where  the  number  of  fires  and  the  time  in  weeks  are 


Fio.  12. 
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Graph  Showing  Length  op  Time  CJoal  Was  in  Storage  when 
Fire  Was  Discovered  (Questionnaire  A) 


the  coordinates.  These  graphs  show  that  most  of  the  fires  occurred 
in  the  first  three  months  of  storage.  After  that  the  hazard  decreased 
as  the  time  increased.  This  result  is  in  agreement  with  the  Chicago 
fire  observations  (see  page  63),  except  that  the  peak  of  the  graph 
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Graph  Showing  Length  or  Time  Coal  Was  in  Storage  when 
Fire  Was  Discovered  (Qtjestionnairb  B) 


occurs  at  eight  weeks  for  cases  reported  in  answers  to  Questionnaires 
A  and  -B,  while  for  the  Chicago  fires  it  occurs  at  twelve  weeks. 

These  results  confirm  the  opinion  expressed  in  Circular  No.  6  that, 
during  the  first  three  months  after  storage,  particular  attention  should 
be  given  to  watching  a  coal  pile,  and  while  the  danger  is  by  no  means 
past  after  three  months,  the  liability  to  fire  seems  to  decrease  rapidly. 
In  this  connection  it  should  be  noted  that  much  of  the  coal  involved 
in  the  answers  to  Questionnaires  A  and  B  was  stored  during  the  hot 
summer  months  so  that  the  initial  temperature  was  often  high,  which 
fact  would  tend  to  hasten  spontaneous  combustion.  Some  of  those 
who  store  large  quantities  of  coal  do  not  feel  that  a  pile  is  entirely 
safe  until  it  has  been  in  storage  through  one  summer,  but  the  ex- 
perience of  the  Commonwealth  Company  quoted  on  page  23  shows 
that  fires  may  occur  after  a  pile  has  passed  one  summer. 

J.  H.  Anderson  says  :• 

"As  a  rule  the  greatest  danger  is  up  to  about  three  months  from  the  time 
of  taking  the  coal  from  the  pit. ' ' 

24.  Reducing  Temperature  and  Extinguishing  Fires  in  Coal 
Piles. — The  following  methods  are  employed  for  reducing  the  tempera- 
ture in  a  coal  pile. 


*  Tram.  Inst,  of  Marine  Engineers,  Vol.  XXX,  p.  92.  June,  1918. 
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Moving  the  OoaI 

The  most  effective  method  of  combating  a  tendency  to  fire  in  a 
coal  pile  is  by  turning  over  the  coal  and  exposing  it  to  the  air  so 
that  it  may  be  thoroughly  cooled.  Care  must  be  taken  in  exposmg 
hot  coal  to  the  air,  for,  if  the  temperature  is  too  high,  as  soon  as  the 
hot  spot  is  opened  out  the  mass  will  burst  into  flame  and  the  fire 
spread  very  rapidly.  Therefore,  if  there  is  evidence  of  a  high  tempera- 
ture the  spot  should  not  be  opened  out  unless  there  are  ample  appli- 
ances at  hand  immediately  to  move  the  hot  coal  or  water  sufiScient 
to  put  out  any  fire  that  may  start  and  thoroughly  to  cool  off  the  mass. 

Whenever  the  fire  has  reached  the  stage  where  the  coal  is  actually 
ablaze,  it  may  be  necessary  to  use  water  but,  in  general,  water  should 
not  be  used  if  it  can  be  avoided. 

The  smoke  and  fumes  given  off  by  the  burning  coal  make  the 
work  of  moving  a  coal  pile  very  unpleasant,  especially  in  a  confined 
space,  and  the  workmen  may  become  dizzy.  This  diflSculty  was  over- 
come at  a  fire  in  the  basement  of  the  Manual  Arts  Building  of  the 
public  schools  of  Charles  City,  Iowa,  during  the  spring  of  1916,*  by 
installing  an  electrically  driven  fan  in  such  a  way  as  to  draw  the 
smoke  out  of  the  basement  so  that  the  workmen  could  shovel  the  coal. 
The  fan  also  drew  fresh  air  over  the  shovelers,  kept  the  space  clear 
of  smoke,  and  prevented  the  smoke  from  entering  the  building. 
When  the  fire  was  reached  the  smoldering  coal  was  removed.  The 
use  of  water  on  a  previous  occasion  is  said  to  have  added  to  the 
trouble,  but  the  reason  is  not  stated. 

TJse  of  Water 

The  opinion  is  very  commonly  held  that  although  fire  in  a  coal 
pile  is  apparently  extinguished  by  water,  another  fire  is  apt  to  break 
out  in  the  same  place.  One  reason  for  this  was  seen  in  at  least  one 
of  the  Chicago  fires  which  were  visited  during  the  summer  and  fall 
of  1918.  It  was  noted  that  as  a  result  of  the  heating  of  the  coal,  a 
coatiiig  of  tar  had  sealed  the  coal  together  in  such  a  way  that  the 
seat  of  the  fire  at  the  center  of  the  mass  could  not  be  reached  by 
water.  A  coal  pile  also  may  have  so  much  fine  coal  in  it  that  the 
water  can  not  penetrate  to  the  point  of  the  fire. 

The  ineffectiveness  of  a  continued  wetting  of  the  surface  of  a 
coal  pile  in  keeping  down  a  fire  was  demonstrated  by  the  Aurora, 

*  Power.    Vol.   44.   p.    567. 
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Elgin,  and  Chicago  Railroad  at  Batavia,  Illinois,  in  connection  with 
a  storage  pile  of  12  000  tons  of  Warrick  County,  Indiana,  mine-run 
which  gave  trouble  from  heating  during  the  summer  of  1918.  A 
pipe  (see  Pig.  14)  was  suspended  over  the  pile  of  coal  and  to  this 
pipe  were  attached  nozzles  or  sprinklers  with  which  the  coal  was 
sprinkled  continuously  for  six  or  eight  weeks. 

The  chief  engineer  of  the  plant  reports  that  as  soon  as  the  water 
was  turned  oflE  the  fire  started  up  again.  He  also  states  that  in  his 
opinion  the  fires  were  never  thoroughly  quenched  throughout  the 
piles, — that  is,  the  water  reached  only  the  surface.  The  system  was 
discontinued  late  in  November  to  prevent  freezing,  and  a  number  of 
fires  were  reported  in  the  piles  during  the  winter,  so  that  it  became 
necessary  to  reclaim  a  great  deal  of  the  coal  during  February  and 
March. 

A  numbef  of  instances  have  been  cited  where  perforated  pipes 
were  said  to  have  been  driven  into  heating  piles  and  water  injected 
into  the  pile  at  some  depth  through  these  pipes.  There  have  been  no 
personal  observations  of  such  an  appliance  upon  which  to  base  any 
conclusions  as  to  the  results  of  this  method,  but  of  six  companies 
said  by  a  manufacturer  to  be  using  the  method  successfully,  one 
says  that  it  was  a  complete  failure,  two  have  not  tried  such  an  appli- 
ance, one  has  not  given  it  a  sufScient  trial  to  express  an  opinion,  one 
said  the  appliance  failed  because  tar  clogged  the  nozzle,  but  thinks 
the  apparatus  would  operate  on  certain  kinds  of  coal,  and  one  only 
had  found  it  successful. 

In  England  those  who  store  coal  have  reached  the  same  con- 
elusion  in  regard  to  the  use  of  water  and  J.  H.  Anderson  says:* 

'  *  In  case  of  a  fire  in  a  heap  of  coal,  although  plenty  of  water  should  be  avail- 
able to  quench  out  a  fire  if  fiames  are  seen  issuing,  still  common  sense  must  be 
used  before  we  do  even  this,  it  being  better  to  dig  all  round  the  fire;  then,  if 
possible,  remove  the  hot  coals  away  from  the  heap;  then  quench  the  material 
there. 

"Plenty  of  warning  will  be  given  and  the  spot  localized  before  there  is  any 
actual  danger  if  a  systematic  method  of  temperature  readings  is  carried  out.  In 
case  of  overheating,  the  seat  of  heating  would  be  dug  out.  Great  difficulty  would 
be  experienced  to  get  water  to  a  fire  in  the  middle  of  a  heap,  as  the  fire  would 
cause  a  certain  amount  of  the  coal  to  melt  and  form  a  coked  mass. 

**Of  course,  if  the  fire  was  in  a  receptacle  that  could  be  flooded  out,  such  as 
a  storage  bin  or  a  vessel 's  hold,  it  may  be  the  best  plan  to  flood ;  but  I  certainly 
should  not  do  this  except  when  there  was  an  actual  fire  that  could  not  be  treated 
otherwise. ' ' 


*Trftn8.  Inat.   of  Marine   Engineem,    p.   92,    June,    1918. 
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It  is  evident  that  the  exact  effect  of  moistening  coal  requires 
further  examination  as  the  results  of  experiments  thus  far  performed 
and  the  opinions  expressed  by  different  experimenters  are  not  in 
agreement. 

In  Technical  Paper  No.  16  the  authors  say  :* 

'  *  The  effect  of  moisture  and  the  effect  of  sulphur  on  the  spontaneous  heating 
of  coal  are  questions  on  which  there  has  been  a  great  deal  of  discussion  and  moefa 
difference  of  opinion.  Very  little  experimental  evidence  has  been  brought  to 
bear  on  either  of  the  questions,  and  certainly  neither  is  as  yet  settled.  Riehters 
has  shown  that  in  the  laboratory  dry  coal  oxidizes  more  rapidly  than  moist;  but 
the  weight  of  opinion  among  practical  users  of  coal  is  that  moisture  promotes 
spontaneous  heating.  In  not  one  of  the  many  cases  of  spontaneous  combustion 
observed  by  the  authors,  as  representatives  of  the  Bureau  of  Mines,  could  it  be 
proved  that  moisture  had  been  a  factor.  Still  the  physical  effects  of  moisture  on 
fine  coal,  such  as  closer  packing  together  of  dust  or  small  pieces,  may  in  many 
cases  aid  spontaneous  heating.'' 

In  Technical  Paper  113t  the  authors  conclude: 

'  *  Heat  is  produced  by  wetting  dry  coal  or  a  partly  dried  coal  containing  leas 
than  its  normal  percentage  of  inherent  water.  The  relative  quantity  of  heat 
generated  depends  upon  the  kind  of  coal  and  its  deficiency  in  inherent  water  aa 
referred  to  its  maximum  normal  content.  In  other  words  the  thermal  effect  of 
wetting  varies  directly  as  some  function  of  the  relative  vapor  pressure  deficiency 
in  the  coal.  The  results  of  calorimetric  determinations  of  the  heat  of  wetting  for 
different  coals  and  for  various  percentage  of  water  content  are  tabulated  and 
illustrated  by  diagrams  in  the  paper.  Sub-bituminous  coal  from  Wyoming  tiutt 
had  been  dried  produced,  by  complete  wetting,  19.2  calories  of  heat  per  g^ram  of 
dry  coal;  brown  lignite  from  North  Dakota,  25.5  calories;  bituminous  coal  from 
Franklin  County,  Illinois,  6.8  calories;  and  bituminous  coal  from  the  Pittsburgh 
bed,  one  calorie. 

*  *  On  the  basis  of  known  specific  heats  of  these  coals,  if  the  values  of  the  satur- 
ated coals  are  taken  and  it  is  assumed  that  no  heat  is  lost  to  the  containing 
vessel  or  to  excess  water,  or  by  radiation,  the  heat  developed  would  raise  the 
temperature  of  the  different  coals  as  follows: 

De^.  C. 

Wyoming    coal 48 

Brown    lignite   from    North    Dakota    64 

Franklin    County.    Illinois     20 

Pittsburgh  bituminous   4" 


*  U.   S.   Bureau  of  Mines,   1912,   "Deterioration   and   Spontaneous  Heating  of   Co«I  in 
Storage,"  by  H.  C.  Porter  and  F.  K.  Ovite. 

t  U.  8.   Bureau  of  Mines,    1915.    "Some  properties  of  the  Water  in  <3oal,*'   by   H-  C. 
Porter  and  O.  0.  Ralston. 
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Fig.  14.     Sprinkler  System  Used  by  Aurora,  EiiOin,  and  Chicago 
Kailroad  Company,  Batavia,  Illinois 
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In  Technical  Paper  No.  172*  the  authors  conclude : 

"The  experiments  showed  that  with  Illinois  coal  thoroughly  dried  the  rate 
of  oxidation  at  ordinary  temperatures  was  greater  than  with  a  comparative  sam- 
ple of  moist  coal.  On  the  other  hand  a  thoroughly  dried  sample  of  Pittsburgh  coal 
oxidized  at  a  slower  rate  than  a  comparatively  moist  sample  of  the  same  coal.  This 
difference  between  the  two  coals  pirobably  explains  the  discrepancies  in  the  ob- 
servations of  different  experimenters.  Bichters  found  that  a  German  coal  ab- 
sorbed more  oxygen  when  dry  than  when  moist.  Mahler,  investigating  a  French 
coal)  and  Graham,  investigating  an  English  coal,  found  that  moist  coal  absorbed 
more  oxygen  than  dry.  Evidently  the  rates  of  oxidation  of  different  coals  are 
not  affected  uniformly  by  moisture.  *  * 

The  investigators  named  worked  with  small  quantities  of  coal  in 
the  laboratory  and  used  extreme  conditions.  Under  actual  conditions 
of  storage  both  the  coal  and  the  air  always  contain  moisture.  Hence 
it  seems  doubtful  whether  water,  other  than  the  excess  that  actually 
wets  the  coal  plays  an  important  part  in  the  rate  at  which  coal 
oxidizes  at  the  lower  temperature,  with  consequent  increase  in  the 
danger  of  spontaneous  combustion.  The  experiments  conducted  on 
a  working  scale  by  Pay^l,  who  could  find  no  influence  of  wet  weather 
on  spontaneous  combustion,  and  by  the  New  South  Wales  Commission, 
which  found  that  actual  wetting  of  the  coal  produced  a  cooling  effect 
during  storage,  tend  to  confirm  this  idea. 

The  authors  of  Technical  Paper  172  summarize  their  conclusions 
as  follows : 

'  *  However,  the  opinion  among  coal  shippers  and  consumers  that  there  is  more 
danger  of  spontaneous  combustion  during  warm,  wet  weather  than  during  dry 
weather  may  have  another  basis,  the  physical  changes  brought  about  by  wetting 
the  coal  on  the  surface  of  the  pile.  Such  wetting  reduces  the  proportion  of  voids 
or  open  spaces  in  the  mass.  If  the  coal  is  divided  into  particles  fine  enough,  the 
water  wiU  fill  the  voids  completely  and  be  held  there  by  capillary  attraction.  Such 
a  mass  of  coal  and  water  on  any  part  of  a  pUe  would  block  the  passage  of  air  at 
that  place.  As  a  result  the  conditions  of  ventilation  in  the  pile  before  the  wetting 
would  be  changed,  so  that,  is  some  instances,  the  heat  generated  by  the  gradual 
oxidation  of  the  coal  would  be  retained  until  the  temperature  of  ignition  was 
reached. 

' '  For  instance  in  a  pile  of  coal  formed  in  the  usual  manner  with  the  fines  at 
the  top  because  of  the  rolling  down  of  larger  particles  there  would  be  a  mass 
overlain  with  an  impervious  cover  through  the  wetting  of  the  outside  surface. 
This  cover  would  prevent  air  circulating  by  convection.  Under  such  conditions 
oxygen  would  diffuse,  as  the  coal  absorbed  it,  from  the  lower  parts  of  the  pile  to 


*  U.    8.    Bureau    of    Minp8,     1917,    "Effect    of    Moisture*    on    the    Specific    Heating    of 
Stored  Coal."  hy  S.  H.  Kntz  and  H.  C.  Porter. 
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the  covered  part.  The  heat  produced  would  be  retained  in  the  pile,  and  the  tem- 
perature of  the  coal  would  inen^ase  at  a  rate  dependent  on  th'e  rate  of  ozidatioo 
alone;  ignition  temperature  would  readily  be  reached,  and  a  spontaneooa  fire 
produced.  The  conditions  described  have  been  approximated  to  a  degree  in  many 
storage  pUes  of  coal.  In  those  piles  moisture  had  a  decided  influence  in  the  pro 
duction  of  8i>ontaneou8  fire.  *  * 

J.  B.  Porter*  summarizes  the  effect  of  moisture  as  follows: 

''From  the  Beports  of  the  Royal  Commission  on  Ck>al  Cargoes  in  England 
(1876)  and  in  New  South  Wales  (1897)  one  might  conclude  that  coal  containing 
much  moisture  would  be  likely  to  heat  badly;  yet  out  of  26  persons,  who  in  IS'ii 
testified  to  the  injurious  effects  of  moisture,  25  admitted  on  cross-examination 
that  they  were  simply  repeating  hearsay,  and  the  other  remaining  witness  was  not 
available  for  cross-examination;  furthermore,  although  the  bulk  of  the  testimony 
in  1897  was  apparently  to  the  same  effect,  the  conclusions  of  the  Commiflrion 
did  not  give  it  much  weight. 

' '  One  would  naturally  expect  that  a  coal  containing  moisture  would  be  re- 
tarded in  its  heating  because,  until  all  the  moisture  has  been  evaporated,  the  tem- 
perature cannot  rise  above  100  degrees  G.  Yet,  on  the  other  hand,  the  steam  per- 
colating through  the  surrounding  mass,  and  condensing  in  the  cooler  parts,  will 
heat  as  well  as  moisten  them,  and  may  thus  tend  to  hasten  oxidation  in  those 
parts. 

*  *  It  would  seem  that  the  experiments  (of  Bichters)  definitely  prove  that  mois- 
ture hindered  the  absorption  of  oxygen  of  the  coal  in  question,  but  this  is  not  ii 
accordance  with  the  results  of  recent  experiments  by  Porter  and  C!ameron,  and 
furthermore,  there  is  no  doubt  that  moisture  will  increase  the  rate  of  oxidation 
of  pyrite ;  and  whether  the  net  results  will  be  an  increase  or  decrease  in  the  final 
temperature  must  depend  on  the  amount  of  pyrite  present  and  on  the  amount  of 
moisture. ' ' 

Fayol  experimented  with: 

1.  Fresh  fine  coal. 

2.  The  same  coal  dried  in  ovens  at  a  temperature  not  ex- 

ceeding 40  degrees. 

3.  The  same  coal  dried  but  sprinkled  to  make  it  damp  but 

not  wet. 

A  number  of  piles  of  each  kind  were  placed  under  similar  con- 
ditions and  temperature  observations  were  made  every  day  for  several 
months.  The  temperature  changes  were  found  to  be  practically  the 
same  in  all  the  piles  and  in  no  case  did  the  temperature  rise  above 
50  degrees. 


*  "An   Investigation   of  the   Coals  of  Canada,"    Extra   Vol.,    Canadian    Dept.  of  W»>^ 
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Parr  and  Kressmann*  studied  dry  and  wet  coals  at  temperatures 
of  40,  60,  80,  and  150  degrees  C.  Without  exception  in  these  lasts 
wetting  the  coal  increased  the  activity  as  shown  by  the  ultimate 
temperature.  It  must  be  remembered,  however,  that  these  coals  were 
stored  at  high  temperatures  which  were  raised  by  external  heat. 

J.  B.  Porter  says: 

''A  study  of  their  results  would  seem  to  show  that  the  wet  coals  did  not  heat 
on  their  own  account  until  this  externally  applied  heat  raised  them  above  HO 
de^ee  C,  which  is  fatal  to  manj  coals.'' 

J.  B.  Porter  concludes  his  study  as  follows : 

''In  conclusion  it  may  be  said  that  in  all  probability  the  tem{>eratures  of  or- 
dinary coals  under  ordinary  conditions  of  storage  are  not  raised  to  any  appreci- 
able extent  by  moisture.  The  question  naturally  arises,  what  was  the  basis  of  the 
once  prevalent  belief  that  moisture  was  an  important  factor  in  si>ontaneous 
heating! 

''This  belief  is,  no  doubt,  chiefly  due  to  the  confusion  of  cause  and  effect  on 
the  part  of  persons  who  have  discovered  fires  in  coal  storage.  It  is  commonly  ob- 
served that  fires  or  hot  spots  in  the  pile  are  discovered  shortly  after  rain  storms, 
and  that  nearly  always  a  hot  spot  is  surrounded  by  damp  or  wet  coal  even  if  the 
main  part  of  the  pile  is  dry.  The  first  case  is  easily  explained  by  the  fact  that 
ilry  coal  is  so  poor  a  conductor  that  the  surface  of  a  pUe  may  show  no  indica- 
tion of  a  hot  spot  or  even  an  incipient  fire  in  the  interior.  A  rain  storm  would, 
however,  provide  moisture  enough  to  soak  into  the  pile,  and  this  moisture  on  ap- 
proaching the  hot  spot  would  be  turned  into  steam  which  would  work  its  way 
back  to  the  surface  and  be  observed,  thus  attracting  attention  to  the  hitherto  un- 
suspeeted  heating.  The  second  explanation  is  equaUy  simple.  Air  dry  coal  al- 
ways contains  some  moisture,  and  in  lignitic  coals  there  is  also  a  very  consider- 
able amount  of  combined  water.  In  the  case  of  a  hot  spot  in  the  interior  of  a 
pile  this  moisture  is  driven  off,  either  escaping  at  the  surface  as  steam,  or  con- 
densing on  the  cooler  coal  in  the  neighborhood.  Added  to  this  there  is,  of  course, 
an  actual  formation  of  water  when  the  hydrogen  constituents  of  coal  are  oxidized. 

"As  an  iUustration  of  the  second  case  it  may  be  noted  that  during  the  ex- 
periments of  the  author  at  Outremont  and  Glace  Bay  vapor  or  condensed  moistuie 
was  always  noticed  in  the  observation  tubes  in  the  neighborhood  of  hot  spots  even 
when  the  temperature  was  far  below  the  boiling  point." 

The  following  extract  from  Circular  No.  6  has  a  direct  bearing 
on  the  same  point.    In  a  private  communication  Dr.  J.  B.  Porter  says : 

"I  fully  appreciate  the  fact  that  nearly  everybody  experienced  in  the  storage 
of  coal  objects  to  the  use  of  water  for  quenching  fires  in  storage  piles.     I  ex- 

*  Univ.  of  in.,  Eng.  Exp.  Sta.  Bull.  No.  46. 
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press  scepticism  as  to  the  harmfulness  of  water  quenching.  Recent  informatiGu 
strengthens  this  scepticism,  and  I  have  come  across  several  cases  of  sueceasful 
fire  fighting  by  the  intelligent  use  of  water.  The  fuel  agent  of  the  Canadiao 
Pacific  Railway  states  that  he  always  recommends  the  use  of  water  if  the  fire 
is  a  small  one,  and  particularly  if  it  is  detected  in  an  incipient  stage.  His  practice 
is  to  locate  the  hot  spot  by  driving  test  rods  into  the  pile  and  then  to  dig  a  pit 
one  or  two  feet  deep  right  over  the  center  of  trouble;  to  drive  and  pull  pointeil 
rods  or  open  pipes  from  it  down  into  the  heating  mass  and  then  to  fill  the  pit  with 
water,  thus  quenching  the  fire  at  the  very  center.  At  the  same  time  if  the  fire  is  a 
large  one  he  surrounds  the  whole  heated  part  with  a  water  curtain  made  by  diggiag 
a  ring  ditch  one  or  two  feet  deep  and  perforating  its  bottom  with  a  row  of  holes 
as  in  ventilation.  This  ditch  like  the  central  hole  is  kept  full  of  water  from  the 
hose,  and  if  there  is  a  tendency  for  the  fire  to  be  driven  outward  from  the  center, 
it  is  quenched  by  the  water  curtain. 

*  ^  This  method  of  putting  out  a  fire  is,  of  course,  costly,  but  it  is  enormoualy 
quicker  and  less  costly  than  that  of  digging  out  and  results  in  far  less  loss  of 
material.  Personally,  I  am  confident  that  it  will  prove  successful  in  any  ordinary 
case.'* 

Use  of  Oarbon  Dioxide  and  Bicarbonate  of  Soda 
A  number  of  attempts  have  been  made  to  utilize  the  smothering 
effect  of  carbon  dioxide  gas  and  solutions  of  bicarbonate  of  soda  in 
ways  somewhat  similar  to  those  used  in  the  ordinary  hand  grenade 
or  fire  extinguishers  of  the  Babcock  and  of  similar  types.  The  effect 
of  COj  on  fire  is  certain  if  it  can  be  localized  and  applied  where  needed. 
The  difficulty  in  a  large  coal  pile  is  to  confine  the  gases.  The  evidence 
as  to  the  effectiveness  of  these  agents  in  fighting  fires  in  coal  piles  is 
by  no  means  conclusive  either  for  or  against  the  method. 

Parr  and  Kressmann*  have  shown  that  the  saturation  of  coal 
with  a  3  per  cent  solution  of  bicarbonate  of  soda  exerted  very  little^ 
if  any,  retarding  influence  on  the  oxidation  of  the  coal,  although  the 
saturation  of  the  coal  with  a  10  per  cent  solution  had  quite  a  retard- 
ing influence.  The  experiments  were  carried  on  not  for  the  purpose 
of  finding  methods  which  would  extinguish  a  fire  but  which  would 
prevent  spontaneous  combustion. 

In  a  report  upon  the  Thomas  Automatic  Fire  Extinguishing 
System,  which  uses  a  solution  of  bicarbonate  of  soda,  the  Pittsburgh 
Testing  Laboratory  has  reported  as  follows : 

''In  this  method  of  fire  extinguishing  there  are  the  following  important 
factors : 


*  "The    Spontaneous   Combustion   of   Coal,"    Bull.    No.    46,    p.    45,    Univ.    of    III..    Enf 
Exp.   Sta. 
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1.  Quenching  effect  of  water  alone. 

2.  Smothering  effect  of  carbon  dioxide  gas  which  is  liberated  at  the 
surface  of  the  burning  material. 

3.  Smothering  effect  of  the  water  vapor  liberated  by  the  chemical 
force. 

4.  Sealing  and  fire-proofing  effect  of  the  solid,  non-volatile  chemical. 

5.  Chilling  effect  caused  by  the  heat  absorption  when  the  bicarbon- 
ate of  soda  is  broken  up  by  the  heat. 

''We  have  examined  carefully  the  photographs  and  data  concerning  fire  tests 
made  with  large  quantities  of  combustible  materials  in  box-cars  and  open  piles. 
We  note  that  these  tests  bear  out  all  that  is  to  be  expected;  namely,  that  water 
charged  with  bicarbonate  of  soda  and  applied  imder  high  pressure  extinguishes 
large  fires  almost  immediately. 

*  *  A  saturated  solution  of  bicarbonate  of  soda  contains  about  10  per  cent  or  13 
ounces  per  gallon  of  water.  Our  practice  has  been  to  use  from  2  to  4  ounces  per 
gallon. ' ' 

In  response  to  Questionnaire  A,  the  following  information  con- 
cerning the  use  of  carbonated  water  was  received  from  Robert  Smith, 
Engineer  of  the  Michigan  Alkali  Company,  Wyandotte,  Michigan : 

*  *  The  method  used  consisted  of  a  tank  in  which  the  chemical  was  mixed  and 
fed  into  the  suction  of  a  force  pump  which  used  the  plant  pressure  of  65  pounds 
on  the  suction  and  boosted  the  same  to  140  pounds.  The  nozzle  was  10  feet  long 
made  of  1-inch  pipe  and  it  was  forced  into  the  pile,  but  I  believe  the  best  results 
trere  obtained  by  casting  over  the  pile. 

*  *  Our  fire  burned  nearly  two  months,  and  towards  the  end  seemed  to  increase. 
We  used  a  solution  of  bicarbonate  of  soda  and  water  and  also  turned  over  the  pile 
and  limited  the  pile  to  25  feet. ' ' 

In  connection  with  the  fire  of  the  Cleveland,  Cincinnati,  Chicago, 
and  St.  Louis  Railroad,  bicarbonate  of  soda  was  used  and  J.  L.  Hamp- 
son,  Fuel  Inspector  of  the  railroad  says : 

"Water  is  mixed  with  soda  in  proper  proportions  by  a  patented  apparatus, 
controlled  by  J.  A.  Thomas  of  Columbus,  Ohio.  It  is  necessary  to  first  put  out 
the  fire  on  the  surface  of  the  pile,  then  with  a  ditcher,  steam  shovel,  or  clam- 
aheU,  to  throw  this  coal  over  to  a  depth  of  4  or  5  feet  and  then  extinguish  the 
fire  thus  uncovered.  This  is  necessary  for  the  reason  that  this  chemicalized  water 
win  not  penetrate  more  than  4  or  5  feet  in  some  places. 

"We  did  not  use  the  method  until  we  had  given  up  the  idea  of  saving  the 
coal  remaining  on  the  ground  at  Bellefontaine  and  cannot,  therefore,  say  what 
might  have  been  the  result  if  we  had  tried  it  earlier,  for  I  am  inclined  to  think 
that  we  would  have  saved  much  more  of  the  coal. ' ' 
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J.  C.  Dougherty,  Coal  Inspector  for  the  New  York  Central  Rail- 
road, says : 

* '  In  one  partieular  place  where  the  pile  was  not  over  10  feet  in  depth,  a 
barrel  of  bicarbonate  of  soda  was  used.  The  entire  barrel  was  scattered  owr  a 
length  not  to  exceed  30  feet.  Water  was  turned  in  onto  it  and  men  drove  ban 
into  the  coal  and  worked  in  the  solution.  Explosions  were  heard  and  seTeral  da?i 
later  the  fire  was  as  bad  as  ever." 

Reports  vary  as  to  the  effectiveness  of  the  use  of  bicarbonate  of 
soda  in  connection  with  fires  on  the  Lake  docks,  and  while  it  is  un- 
doubtedly true  that  if  CO,  can  be  confined,  it  will  extinguish  a  fire, 
yet  the  advantage  of  carbonized  water  over  plain  water,  in  connection 
with  the  digging  out  of  hot  spots  has  not  been  thoroughly  demonstrated. 

Ventilation  of  Storage  Piles 

Of  the  forty-five  fires  reported  in  connection  with  Questionnaire 
Ay  six  piles  had  some  sort  of  ventilating  device,  three  having  vertical 
pipes,  and  in  one  case  the  method  was  not  stated.  Of  the  thirty-three 
piles  in  which  no  fires  occurred  one  was  ventilated  by  means  of  ver- 
tical boiler  tubes. 

In  sixteen  of  three  hundred  and  three  storage  piles  reported 
on  in  answers  to  Questionnaire  B,  an  attempt  had  been  made  to 
ventilate  by  means  of  iron  or  wooden  pipes.  In  eleven  of  these  six- 
teen piles  fire  occurred.  These  results  do  not  suggest  that  ventilation 
as  carried  on  is  an  efficient  means  of  preventing  spontaneous  com- 
bustion and  they  agree  very  well  with  the  results  secured  in  the  study 
of  the  fires  in  Chicago  (see  pages  73,  77). 

The  subject  of  the  ventilation  of  coal  piles  is  one  upon  which 
there  is  a  great  difference  of  opinion,  and  the  evidence  is  very  con- 
flicting. It  seems  to  be  quite  a  common  practice  of  Canadian  railroads 
to  ventilate  their  coal  piles  with  a  great  deal  of  care,  and  it  is  the 
opinion  of  Professor  J.  B.  Porter  of  McGill  University  and  of  S.  H. 
Pudney,  Fuel  Inspector  of  the  Canadian  Pacific  Railroad,  that  by 
means  of  proper  ventilation  spontaneous  combustion  can  be  prevented 
and  the  temperature  of  coal  piles  regulated  to  a  very  great  extent 
Other  correspondents  in  Canada  do  not  fully  agree  with  this  opinion. 
The  experience  of  the  railroads  in  the  United  States  seems  to  differ 
widely  upon  this  point,  to  judge  from  the  replies  to  the  questionnau^i. 

Attention  should  be  called  to  the  fact  that  many  pipes  plaeed 
in  coal  piles  arc  intended  merely  for  observing  temperatures  with 
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no  thought  of  ventilating  the  piles.  Coal  is  a  poor  conductor  of  heat, 
and  it  is  undoubtedly  true  that  much  of  the  so-called  ventilation  of 
coal  piles  has  been  inadequately  done  because  only  a  few  pipes  have 
been  placed  irregularly  throughout  a  pile.  If  ventilation  is  to  bo 
successful,  it  miLst  be  carefully  done  and  pipes  placed  near  together; 
but  when  so  placed  they  interfere  with  rapid  handling  of  the  coal  and 
increase  the  expense.  The  writers  have  not  seen  any  of  the  Canadian 
coal  piles  that  are  reported  to  have  been  ventilated  successfully,  but 
a  study  of  storage  piles  in  the  United  States  in  connection  with  power 
plants  has  shown  that  the  so-called  ventilation  is  usually  not  well 
done  and  has  been  ineffective. 

The  Cleveland,  Cincinnati,  Chicago,  and  St.  Louis  Railroad,  at 
its  Mattoon,  Illinois,  storage  yard  found  that  large  shaft-like  open- 
ings in  the  coal  pile  were  beneficial  in  lowering  the  temperature  of 
the  coal.  These  openings  were  dug  with  a  steam  shovel  and  were 
approximately  8  ft.  by  8  ft.  by  10  ft.  deep. 

At  several  Chicago  storage  piles  it  was  noted  that  fires  broke 
out  near  ventilation  pipes,  and  at  one  place  where  the  coal  storage 
had  been  tiled  horizontally  with  ordinary  drain  tile,  the  fire  traveled 
along  this  tiling,  which  acted  as  a  flue. 

The  subject  is  worthy  of  more  careful  study  and  possibly  of 
experiment,  but  it  should  be  remembered  that  climatic  conditions  may 
have  an  important  influence  on  the  success  of  any  ventilation  method 
and  what  is  successful  in  the  cooler,  drier  climate  of  Canada  may  not 
be  successful  in  the  much  warmer  and  moister  climate  of  Illinois. 
Moreover,  in  Illinois  there  is  not  the  same  drop  in  temperature  at 
night  as  there  is  farther  north,  or  at  a  higher  elevation  as,  for  instance, 
in  Colorado  or  New  Mexico.  Consequently  there  is  much  less  oppor- 
tunity for  a  pile  to  cool  off  over  night. 

Mr.  S.  H.  Pudney  in  an  address*  before  the  Canadian  Railway 
Club  of  Montreal,  gives  the  cost  of  ventilating  coal  as  five  cents  per 
ton  and  states  that  in  the  case  of  Dominion  coals,  the  holes  are  placed 
two  feet  apart,  and  in  the  case  of  United  States  coals  three  feet  apart. 
In  this  same  connection  attention  is  called  to  the  use  of  trenches  dug 
through  the  coal  pile  at  intervals.  This  practice  is  used  by  a  number 
of  railroads  and  has  an  effect  similai*  to  cutting  a  long  pile  up  into 
a  number  of  short  ones  by  cross  alley-ways. 


*  Joar.    of   the   Canadian    Railway   Club,    Feb.,    1919. 
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Summary  of  Methods  of  Flghtiii^  Fires 

The  methods  of  handling  the  fires  as  indicated  by  the  question- 
naires is  shown  in  Table  11. 

Table  11 
Methods  op  Fighting  Fires 


How  Handled 

Questionnaire  A 

Questionnsire  B 

Water  only 

5 
32 

7 

1 

11 

Coal  moved — no  water 

43 

Coal  moved  and  water  used 

19 

Sodium  carbonate  solution 

Not  stated 

2 

Totals 

45 

75 

25.  Damage  io  Property  and  Loss  of  Coal  from  Fires. — ^In  con- 
nection with  the  replies  to  Questionnaire  A,  it  appeared  that  three 
out  of  forty-five  fires  involved  a  loss  of  property,  but  no  statement  as 
to  the  value  was  made.  The  following  amounts  of  coal  were  reported 
lost  as  the  result  of  such  fires : 

Table  12 
Losses  of  Coal  Due  to  Fires 


Coal  Stored 

Loirr 

4700  tons 

800   •• 

35000    " 

6000    " 

8000   " 

200  tons 

75  •• 
200  " 

10  *• 

60  " 

In  connection  with  nine  of  the  fires  reported  in  the  answers  to 
Questionnaire  B,  there  was  damage  to  the  adjacent  property,  but  in 
eight  of  the  nine  reported  cases  the  loss  was  less  than  $100.00,  while 
in  one  case  the  loss  was  something  over  $1000.00. 

The  coal  lost  as  the  result  of  the  fires  was  variously  estimated 
at  from  less  than  one  per  cent  to  thirty  per  cent,  but  these  figures 
are  open  to  considerable  question  and  at  the  best  are  only  estimates. 
The  average  estimated  loss  by  the  fire  varied  from  five  to  ten  per  cent 
of  the  coal  in  storage  where  the  fires  took  place. 
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26.  A  Study  of  Fires  in  Coal  Piles  in  Chicago  during  1918. — 
An  excellent  opportunity  to  study  fires  in  coal  piles  was  offered  in 
Chicago  during  the  summer  and  fall  of  1918.  Probably  no  better 
time  or  place  could  have  been  chosen  for  such  a  study,  because,  during 
that  time  the  Fuel  Administration  was  urging  consumers  to  store 
coal,  and,  owing  to  the  great  variety  of  the  industries  in  the  Chicago 
district  and  the  large  amounts  of  coal  brought  in  for  coke  and  gas 
making  purposes,  practically  all  kinds  of  coal  were  stored,  in  spite 
of  the  zoning  system  for  the  distribution  of  coal.  It  is  impossible 
to  state  with  any  degree  of  accuracy  the  total  amount  stored,  but 
practically  every  dwelling  had  some  coal  in  its  cellar,  manufacturers 
were  storing  all  they  could,  and  the  railroads  and  public  service 
corporations  were  storing  to  the  full  capacity  of  their  yards.  The 
Commonwealth-Edison  Company  alone  at  its  different  plants  in  the 
city  had  about  500  000  tons.  The  fires  studied  therefore  occurred 
with  amounts  of  coal  varying  from  that  found  in  an  ordinary  house 
cellar  up  to  piles  containing  thousands  of  tons. 

The  Commercial  Testing  and  Engineering  Company,  1785  Old 
Colony  Building,  of  which  Mr.  Langtry  is  president,  kindly  placed 
its  oflBce  at  the  disposal  of  the  authors,  and  through  the  courtesy  of 
J.  C.  Donnell,  Chief  of  the  Bureau  of  Fire  Prevention  and  Public 
Safety,  each  morning  a  list  of  all  the  coal  fires  that  had  been  reported 
the  previous  day  was  furnished.  An  attempt  was  made  to  visit  all 
fires  thus  reported  and  to  collect  such  information  as  would  be  of  value 
in  studying  the  problem.  One  hundred  and  twenty-one  fires  were 
visited  and  reported  on,  the  Data  Sheet  (see  Appendix  I)  being 
used  to  facilitate  the  gathering  of  uniform  information.  The  fires 
visited  have  been  classified  under  the  following  heads,  depending  on 
the  cause  of  the  fire : 

Class  1.  Fires  due  partially,  if  not  wholly,  to  outside  sources  of 
heat. 

Class  2.     Combustion  aided  by  foreign  material  in  the  coal. 

Class.  3.  Fires  due  to  no  apparent  cause  except  the  kind  of  coal 
or  the  method  of  piling. 

Table  13  gives  in  tabular  form  a  list  of  the  fires  studied,  classi- 
fied according  to  the  place  in  which  the  coal  was  stored,  and  to  the 
cause  of  the  fire,  with  the  approximate  amount  in  storage  in  each  case. 
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Table  13 
Classification  of  Fires  in  Chicago  Coal  Piles 


Placi£»  Whkrb  Coal  Was  Stored 


Class  1 


Claien 


ClaaslIII 


Total 


Range  of 
Tonnace 
inStonifr 


Residences 

AjpartmeDts  and  flats 

Hotels,    saloons,    schools,    churches, 

business  buildings 

Fraternal  homes 

Manufacturing  plants 

Coal  yards 

Grain  elevators 

Railway 

Public  service  corporations 


Totals . 


13 
20 


39 


1 
16 


12 


18 
15 
2 

1 
1 


66 


1 
27 

19 
1 
33 
3o 
2 
1 
1 


120 


10 
20  to  500 

40  to  8000 

150 

30  to  50000 

40  to  8000 

150  to  4400 

12000 

lOOOO 


10  to  50000 


A  number  of  typical  fires  have  been  selected  from  those  studiwl 
and  detailed  descriptions  of  these  follow,  arranged  accordiiijj  to 
causes. 

Class  1.    Fires  Due  Partially,  if  not  Wholly,  to  Outside  Sources  of  Heat 

In  fifteen  of  the  fires  visited  an  outside  source  of  heat  seemed  to 
be  directly  responsible  for  the  spontaneous  combustion  of  the  coal. 
These  sources  of  heat  can  be  classified  as  follows : 

Hot  Water  Tanks 1 

Hot  Pipes 6 

Hot  Furnace    4 

Hot  Chimney  or  Breeching .T 

Hot  Ashes    1 

Total 15 

The  following  is  a  summary  of  the  information  collected  with 
reference  to  these  fires. 

Thirteen  of  the  piles  contained  mine-run  and  two  screenings. 
Thirteen  were  under  cover  and  two  in  the  open.  None  was  ventilated. 
In  four  piles  there  was  a  segregation  of  the  larger  from  the  smaller 
sizes. 

The  length  of  time  which  elap.sed  between  placing  the  coal  in 
storage  and  the  discovery  of  fire  is  shown  graphically  in  Fig*.  15,  in 
which  the  number  of  fires  is  plotted  against  the  length  of  time  as 
given  in  the  following  tabulation: 
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Time  in  Storage  Number  of  Fires 

3  weeks 1 

8  weeks    3 

12  weeks 6 

15  weeks ■. 1 

16  weeks 1 

No  time  stated   3 

The  peak  of  the  graph  is  at  twelve  weeks;  after  that  time  the 
susceptibility  of  the  coal  to  spontaneous  combustion  seemed  to  be  less. 
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Fio.  15.    Graph  Showing  Length  of  Time  Coal  Was  in  Storage  when 
Fire  Was  Discovered  (Chicago  Coal  Pile  Fires,  Class  1) 


The  cases  hereafter  discussed  illustrate  a  too  common  practice 
that  indicates  ignorance  or  disregard  of  the  fact  that  should  be  well 
known  by  all  who  attempt  to  store  coal;  i.  e.,  that  liability  to  spon- 
taneous combustion  increases  very  rapidly  with  increase  in  tonripera- 
ture,  and  therefore  a  coal  pile  should  be  kept  away  from  all  external 
sources  of  heat. 
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Because  of  the  urgent  necessity  for  laying  in  a  larger  amount 
of  coal  than  in  ordinary  times,  in  many  cases  more  coal  was  bou^t 
for  storage  purposes  than  could  safely  be  stored  in  the  usual  space 
provided.  Consequently  any  available  space  was  used  without  re- 
gard to  its  adaptability  and  this  fact  explains  some  of  the  fires  of 
this  class.  It  is  probable,  too,  that  the  proper  method  of  storing 
coal  had  not  been  brought  to  the  notice  of  all  concerned. 

A  case  where  about  seventy  tons  of  Franklin  County  mine-run 
coal  was  stored  in  contact  with  a  hot-water  tank  in  the  basement  of 
a  building  is  illustrated  in  Fig.  16.  Heating  of  the  coal  started  two 
or  three  weeks  after  the  coal  was  placed  in  storage,  and  the  center  of 
the  trouble  was  but  a  few  feet  from  the  tank.  The  janitor  tried  to 
keep  the  coal  cool  by  wetting  it  with  water  two  or  three  times  per 
day,  but  finally  called  the  fire  department  as  the  fire  got  beyond 
control.  After  the  pile  was  fiooded  with  water  and  the  coal  removed 
from  around  the  hot-water  tank,  there  was  no  more  trouble. 

Six  fires  were  noted  where  the  coal  was  stored  in  contact  with 
or  in  close  proximity  to  hot  pipes.  These  storage  piles  ranged  in 
size  from  forty  tons  to  a  few  thousand  tons  and  in  all  cases  the  coal 
was  either  mine-run  or  screenings. 

A  case  where  an  uncovered  sheet-iron  smoke  pipe  leading  from 
a  furnace  to  the  chimney  was  partially  covered  by  coal  is  shown  in 
Fig.  17.  This  pipe  had  several  holes  in  it  and  at  times  became  so  hot 
that  it  could  not  be  touched  by  the  hand.  After  the  fire,  which  re- 
sulted, was  extinguished  with  water  and  the  coal  removed  from  the 
neighborhood  of  the  hot  pipe,  there  was  no  further  trouble.  Pig,  18 
shows  hot  steam  pipes  placed  in  an  uncovered  trench  about  which 
coal  was  piled;  fire  resulted. 

In  four  cases  the  heating  was  due  to  the  coal  being  in  contact 
with  a  hot  furnace.  All  of  these  were  in  dwellings,  and  in  every  case 
the  coal  was  mine-run.  In  two  cases  where  the  same  kind  of  coal 
was  stored  in  another  part  of  the  basement  there  was  no  trouble. 
Figs.  19  and  20  are  views  showing  coal  piled  against  furnace  walls 
in  basements.  Fire  occurred  in  both  cases.  Fig.  21  shows  a  chimney 
around  which  coal  was  piled;  fire  started  in  close  proximity  to  the 
chimney.  In  another  case  a  fire  occurred  in  the  basement  of  a  flat 
in  a  coal  pile  at  a  point  where  hot  ashes  from  the  furnace  had  been 
piled  against  the  coal. 
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Fio.  16.    Coal  Piled  around  Hot  Water  Tank 


Fig.  17.    Coal  Piled  about  Sheet  Iron  Smoke  Pipe 
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Fig.  18.    Hot  Steam  Pipes  about  which  CJoal  Was  Piled,  Causing  Foe 


Fig.  19.    Coal  Piled  in  CJontact  with  Brick  Wall  op  Furnace 
(Coal  Has  Been  Partially  Removed) 
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Fig.  20.    Coal  Piled  in  Contact  with  Brick  Wall  or  Furnace 
(Coal  Has  Been  Partially  Removed) 


Fig.  21.    Coal  Piled  around  Base  op  Chimney 
(Coal  Has  Been  PartlojjY  Removed) 
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Fig.  23.    Fire  Starting  in  Coal  Pile  around  Embedded  Wooden  Beau 


Fig.  24.    Fire  Starting  in  Coal  Pile  around  Timber8  of  Trestle 
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Class  2.    Combustion  Aided  by  Foreign  Material  in  the  Coal 

In  thirty-nine  of  the  fires  visited  the  evidence  indicated  strongly 
that  some  foreign  material  such  as  wood,  paper,  rags,  rosin,  or  sewer 
gas  was  responsible  for  starting  the  combustion  as  shown  in  Table  14. 

Table  14 
Fires  Apparently  Dub  to  Foreign  Material  in  Coal  Piles 


Foreign  Material 

No. 

Per  Cent  of 
Class  II 

Per  Cent  of 
ToUl  Chicago  Fires 

Wood 

31 
5 

1 
2 

79.5 
12.8 
2.6 
5.1 

25  8 

Mixture  wood,  i^Apcr,  ragii,  etc .  .  -  -  -    

4  1 

s 

Syfrttw^T  gasffl 

1  6 

Totala 

39 

100.0 

32  3 

Additional  information  concerning  these  fires  may  be  summa- 
rized as  follows:  Of  the  thirty-nine  piles  in  question,  eighteen  were 
mine-run,  sixteen  were  screenings,  four  were  No.  5,  and  one  was  No. 
3,  No.  4,  and  No.  5  mixed.  Thirteen  of  the  piles  were  under  cover 
and  twenty-six  in  the  open;  two  were  ventilated  and  thirty-seven 
not;  in  twenty-seven  there  was  a  segregation  of  sizes,  and  in  twelve 
no  evidence  of  segregation. 

Pig.  22  is  a  graph  showing  the  relation  between  the  number  of 
fires  and  the  length  of  time  in  storage  for  Class  2  corresponding  to 
the  following  tabulation: 


No.  Weeks  in  Storage 


S 

12 
14 


No.  of  Fires 

1 

3 


20 2 

24 1 

28 1 

No  time  stated 11 

As  in  Class  1,  the  most  dangerous  period  was  during  the  first 
twelve  weeks. 

In  view  of  the  fact  that  25.8  per  cent  of  the  total  number  of 
fires  visited  in  Chicago  were  apparently  caused  by  wood  being  mixed 
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Fio.  22.    Graph  Showing  Length  op  Time  Coal  Was  in  Storage  when 
Fire  Was  Discovered  (Chicago  Coal  Pile  Fires,  Class  2) 


with  or  in  contact  with  the  coal,  it  is  very  important  that  those  who 
store  coal  bear  this  in  mind.  Very  often  <*oal  is  storeil  iinktitid  a 
wooden  structure  so  that  the  wood  is  embedded  in  the  coaL  This 
is  particularly  the  case  where  coal  is  placed  in  storage  £nmi  a  rail- 
road track  on  a  trestle. 

There  are  two  distinct  ways  in  which  sin'li  embedded  wood  may 
assist  in  starting  combustion:  first,  by  providing  a  fine  along  the 
timber  for  the  circulation  of  an  air  current ;  second,  by  acting  as  a 
match  in  starting  combustion  at  a  lower  temperature  than  that  re- 
quired for  coal  alone.  It  has  not  been  definitily  proved  that  wood 
acts  in  the  latter  way  and  the  theory  to  that  effect  is  by  no  means 
universally  accepted  as  being  true. 

Figs.  23  to  30  illustrate  cases  where  fires  started  alongside  of 
or  \^vy  near  wood  embedded  in  the  coal  piles  in  the  form  of  supports 
to  trestles  or  other  structures,  partition  walls  between  piles,  or  en- 
closing walls  for  piles. 


Digitized  by  VjOOQ  IC 


Pig.  25.    View  op  Coal  Pile  Showing  Timber  Retaining  Wall 
Anchored  into  Coal  Pile  by  Wooden  Supports 


Pig.  26.    Partially  Burned  Wooden  Horse  Removed  itrom  Coal  Pile 
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Fig.  27.    Bracing  Timbers  Embedded  in  Coal  Pile 

AROUND    which    FIRE    STARTED 


Fig.  28.    Wooden  Fence  Partially  Destroyed  by  Fire  ts  Coal  Pile, 
Apparently  Due  to  Contact  of  Coal  with  Timbers  of  Fence 
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Fig.  23  shows  a  fire  that  was  detected  by  smoke  coming  out 
along  a  beam  embedded  in  the  coal.     Upon  digging  down  into  the 
pile  the  seat  of  the  fire  was  found  near  the  end  of  the  beam.    In  a 
somewhat  similar  case  fire  started  about  an  old  coal  retarder  that 
had  been  surrounded  by  mine-run  coal  to  a  depth  of  twenty-five  feet 
at  the  place  where  the  fire  occurred.    Pig.  24  shows  a  very  common 
condition.    Smoke  coming  out  along  a  track  laid  on  top  of  a  trestle 
indicates  that  a  fire  has  started  down  in  the  pile.    Such  fires  are  usually 
found  next  to  the  leg  of  the  trestle  when  the  pile  is  dug  into.    In 
one  case  a  fire  was  found  at  every  leg  of  the  trestle  about  which  the 
coal  had  been  dumped.    Fig.  25  shows  a  common  way  of  anchoring 
a  timber  retaining  wall  by  means  of  timbers  placed  in  the  coal  pile. 
Fire  occurred  in  this  pile  but  it  was  impossible  to  locate  exactly  the 
imnt  of  origin.    A  number  of  fires  could  be  traced  to  no  other  cause 
than  to  similar  wood  anchors  in  the  coal.     Fig.  26  shows  a  wooden 
horse  which  formed  part  of  a  wheelbarrow  runway  that  had  been 
covered  up  with  coal.     Two  of  the  legs  are  burned  off  at  the  end. 
Fig.  27  shows  braces  for  a  timber  partition  wall  embedded  in  coal; 
a  fire  started  around  these  braces.     In  another  case  a  fire  started 
about  a  plank  carelessly  left  in  a  coal  pile.    Pig.  28  shows  an  en- 
closing wooden  fence  along  which  a  fire  started  in  a  pile  of  Saline 
County  screenings.     A  plank  embedded  in  the  pile,  but  projecting 
from  it,  thus  furnishing  a  flue  for  air  to  enter  the  pile,  was  the 
apparent  cause  of  fire  in  another  case  investigated.    A  pile  of  Pana 
No.  5  coal  about  some  old  partitions  caught  fire  apparently  near  one 
of  these  partitions.    In  many  coal  yards  the  flooring  under  the  coal 
piles  is  of  wood  and  at  a  number  of  fires  the  origin  was  traced  directly 
to  this  wooden  floor.    At  other  places  where  pieces  of  wood  were  em- 
bedded in  the  coal  it  was  found  when  the  coal  was  removed  from  the 
pile,  that  the  hottest  places  were  about  these  pieces  of  wood. 

Fig.  29  shows  a  case  where  an  attempt  was  made  to  ventilate  a  pile 
of  screenings  by  placing  horizontal  wooden  tubes  about  six  inches 
square  (indicated  by  arrows)  in  the  pile  as  it  was  put  in  storage.  A 
fire  developed  very  close,  to  one  of  these  ventilating  tubes.  Pig.  30 
shows  an  attempt  to  ventilate  screenings  by  means  of  vertical  wooden 
tubes  (indicated  by  arrows).  Fire  developed  very  near  these  tubes. 

Five  of  the  fires  visited  were  apparently  caused  by  an  accumula- 
tion of  wood,  paper,  rags,  etc,  mixed  in  with  the  coal.  At  a  service 
station  visited,  180  tons  of  mine-run  coal  were  placed  in  storage  in  the 
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basement ;  spontaneous  combustion  occurred  near  the  center  of  the  pile 
and  on  removing  the  coal  it  was  found  that  at  this  place  there  was  a 
considerable  amount  of  wood  and  rubbish  mixed  with  the  coal. 

At  a  cold  storage  warehouse  a  fire  developed  in  the  storage  pfle 
at  a  point  where  there  was  a  large  amount  of  rubbish  mixed  wun  u 
coal  (See  Pig.  31).    Prom  this  point  the  fin^  traveled  toward  a  fal^: 
bottom  of  wood  which  served  as  a  flue. 

A  most  interesting  case  of  fire  was  noted  at  a  yard  where  tlwul 
2500  tons  of  three-inch  screenings  from  Murphy^^boro,  Illinois^  wis 
placed  in  storage.  Rosin  had  formerly  been  stored  in  this  yard,  and 
before  it  was  used  for  coal  storage  a  flooring'  of  boards  was  laid  cm 
the  ground  over  small  quantities  of  accumulated  waste  ro-sin.  The  coal 
was  piled  on  these  boards,  and  within  two  months  ^spontaneous  eorahns 
tion  developed.  When  the  coal  was  dug  out  with  a  crane,  it  was  noticed 
that  as  the  crane  approached  the  bottom  of  the  pile,  the  heat  became 
more  intense,  and  at  the  bottom  there  was  a  layer  of  coke  about  one 
foot  thick  on  the  boards  which  were  burned  to  charcoal.  A  large 
quantity  of  molten  rosin  was  mixed  with  the  mass ;  the  same  condition 
was  noticed  at  three  different  places  in  the  pile.  It  is  believed  that  the 
pressure  and  a  slight  heating  of  the  coal  caused  the  rosin  to  flow  up 
through  the  space  between  the  pine  boards.  Here  it  became  mixed 
with  the  coal,  and  the  kindling  temperature  of  the  mass  was  lowered  to 
such  an  extent  that  it  readily  took  fire.  The  kindling  temperature  of 
samples  collected  was  so  low  that  they  could  very  easily  be  lighted  by 
the  flame  from  a  match. 

Two  fires  which  occurred  in  basements  of  buildings^started  imme- 
diately over  sewer  outlets.  There  is  no  direct  evidence  that  the  gases 
from  these  sewer  outlets  caused  the  fires,  but  sewer  gases  are  apt  to  be 
moist  and  hot  and  the  proximity  of  the  point  where  the  fires  started  to 
the  sewer  outlets  suggests  that  such  gases  raised  the  temperature  suflS- 
ciently  to  cause,  or  at  least  materially  to  aid  combustion. 

One  fire  occurred  in  Chicago  in  clean  sized  No.  3  coal  and  the  only 
explanation  was  that  the  coal  had  become  heated  by  hot  air  entering 
the  pile  through  a  flue  which  led  directly  from  the  top  of  an  adjoining 
boiler  house. 
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Pio.  29.    View  op  Pile  of  Screenings  with  Horizontal  Wooden  Vents 
(Indicated  by  Arrows)  near  which  Fire  Developed 


Fio.  30.     View  op  Coal  Pile,  with  Vertical  Wooden  Vents   (Indicated  by 
Arrows)  near  which  Fire  Developed 
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Fio.  31.    Wood  and  Rubbish  in  Goal  Pile  abound  which  Fire  Started 


Fio.  32.    View  of  Coal  Pile  Ventilated  with  Ieon  Pipes  whioh  Acth)  as 

Flues;  Fibe  Occurred 
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Class  3.    Fires  Dae  to  No  Apparent  Cause  except  the  Kind  of  Coal, 
or  the  Method  of  Piling 

In  the  case  of  sixty-six  fires  visited  there  was  no  apparent  cause 
for  the  heating  except  in  the  kind  of  coal  or  in  the  method  of  piling. 
In  a  number  of  instances  it  was  extremely  difficult,  if  not  impossible, 
to  ascertain  the  exact  conditions  which  caused  the  heating. 

The  most  striking  factor  appeared  to  be  the  size  of  the  coal  stored. 
Eighty-six  per  cent  of  these  fires  occurred  in  mine-run  or  screenings, 
and  in  the  case  of  those  few  fires  which  occurred  in  sized  coal  it  was 
noted  that  there  was  a  considerable  amount  of  fine  coal  present,  due  to 
breakage  in  handling,  weathering  of  coal,  and  improper  screenings. 
The  following  table  shows  the  number  and  percentage  of  fires  occur- 
ring with  each  size  of  coal. 


Table  15 
Relation  between  Size  op  Coal  and  Number  of  Fires 


Si«B  OF  Coal 

No.  of  Fires 

Percentage 

Mine  run 

35 
22 
3 
3 
2 
1 

53.0 

Screenings  and  No.  5 

Lump.  50  per  cent.  No.  5,  50  per  cent 

Nut 

33.3 
4.5 
4.5 

Lump 

3.1 

No.  4  Washed  nut 

1.6 

Totals 

6G 

100.00 

Many  believe  that  coal  is  safer  if  stored  under  cover,  rather  than 
in  the  open.  A  study  of  these  Chicago  fires  would  indicate  that  there 
is  little  difference  whether  the  coal  has  a  cover  over  it  or  not,  for  of 
the  sixty-six  fires  in  Class  3,  thirty-four  were  under  cover  and  thirty- 
two  were  stored  in  the  open. 

At  four  of  the  storage  piles  where  fires  were  investigated  an  at- 
tempt had  been  made  to  ventilate  the  piles  by  using  perforated  iron 
tubes.  Fires  started  very  close  to  some  of  these  tubes  which  apparently 
furnished  the  air  needed  for  combustion.  It  was  noticed  that  the 
smoke  of  a  cigar  was  drawn  down  into  one  pipe  which  thus  acted  as 
an  intake,  while  the  smoke  was  blown  outward  at  another  pipe  which 
served  as  a  chimney;  thus  the  pipes  were  producing  a  circulation  of 
air  through  the  pile. 

Pig.  32  shows  an  attempt  to  ventilate  with  iron  pipes,  which  was 
not  effective,  as  fire  resulted. 
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Special  attention  was  paid  to  the  results  of  segrrejration  or  pyra- 
midiny  of  the  coal,  as  it  is  sometimes  called,  when  unloaded  into  the 
storage  piles.  Coal  will  naturally  segregate  into  different  sizes  if  it 
is  continually  dumped  on  one  spot  as  the  pile  is  built  up,  the  fine  coal 
remaining  at  the  center  of  the  pile  and  the  larger  sizes  rolling  to  the 
bottom ;  thus  flues  are  formed  that  carry  the  air  to  the  fine  coal  which 
oxidizes  easily.  This  segregation  of  sizes  was  apparently  the  cause  of 
many  fires,  as  it  was  noted  frequently  that  fires  started  near  the  place 
where  coal  was  shoveled  into  a  basement  through  a  window.  At  this 
point  there  would  be  a  natural  segregation  of  sizes.  The  fire  was 
usually  found  in  the  fine  coal.  Table  16  shows  the  importance  of  this 
item: 

Table  16 
Rklation  between  Segregation  of  Sizes  in  Piling  and  Number  of  Finn* 


No.  of  Piit« 

SisM  segresAtcKl 

57 

I 
8 

863 

Piled  uniformly 

1  « 

No  iDformation 

12  1 

Totals            .      . 

66 

100.00     _ 

The  relation  between  time  in  storage  and  number  of  fires  was  as 
follows : 

No.  Weeks  in  Storage  No.  of  Fires 

3 3 

4 2 

5 7 

6 4 

8 6 

10 7 

12 11 

14 3 

16 4 

22 3 

26 2 

No  time  stated 14 

Total 66 

Pig.  33  is  a  graphical  presentation  of  the  information  contained 
in  the  above  table,  and  shows  that  as  in  the  other  classes  of  fires  con- 
sidered (see  Figs.  15  and  22)  the  most  dangerous  period  is  during  the 
first  twelve  weeks. 
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Fig.  33.    Graph  Showing  Length  of  Time  Coal  Was  in  Storage  when 
Fire  Was  Discovered  (Chicago  Coal  Pile  Fires,  Class  3) 


27.     Summary  of  Data  from  All  Types  of  Chicago  Fires, — 

Classification  aecording^  to  General  Causes  No.  Per  Cent 

Class  1.  Outside  source  of  heat 15              12.5 

Class  2.  Foreign  material   in  pile 39              32.5 

Class  3.  No  apparent  cause  except  kind  of  coal  or 

method  of  piling 66              55.0 


Total  number  of  fires 


Sixe  of  Coal 
Mine-run   . 
Screenings 
No.  5  .     . 


No.  3,  No.  4,  and  No.  5  mixed 1 

Lump  50  per  eent,  Screenings  50  per  cent 

Nut 


Lump   .... 
No.  4  Washed  Nut 


120 

100.0 

66 

55.0 

40 

33.3 

4 

3.4 

1 

.8 

3 

2.5 

3 

2.5 

2 

1.7 

1 

.8 

Total  number  of  fires 120 


100.0 
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Place  of  Storage 


Under  cover 
In  the  open 


Total  number  of  fires 


Methods  of  Piling 

Sizes    segregated 

Piled  uniformly 1 

No  evidence  of  segregation 

Total  number  of  fires 120 


No. 

Per  Cent 

60 

50.0 

60 

50.0 

120 

100.0 

89 

74.2 

1 

.8 

30 

25.0 

100.0 


The  relation  between  length  of  time  in  storage  and  number  of 
fires  was  as  follows : 


Lknoth  op  TniB  in  Storage 

(Weeks) 

No.  of  Firefl 

No.  of  Fir» 

(Curouktivt 

Total) 

2 

1 
4 
2 
7 
7 

16 
7 

26 
7 
6 
2 
3 
1 
2 
1 

28 

1 

3 

4 

5 

7 

5 

6 

14 
21 

8 

37 

10 

44 

12 

70 

14 

77 

16          

83 

20 

83 

22 .      . 

8S 

24 

89 

26 

91 

28 

92 

No  time  stated 

Total 

120 

Pig.  34  shows  graphically  the  relation  between  the  length  of  time 
in  storage  and  the  number  of  fires  occurring  for  all  Chicago  fires 
studied. 

Fig.  35  is  a  cumulative  curve  which  shows  the  total  number  of 
fires  occurring  plotted  against  the  time  in  storage. 

These  data  seem  to  show  clearly  that  the  following  consideratiom 
should  be  taken  into  account  in  storing  coal  under  the  conditions  pre- 
vailing in  connection  with  the  Chicago  fires. 

1.  Coal  should  never  be  subjected  to  heat  from  outside 
sources,  such  as  hot  pipes,  boilers,  etc. 

2.  Foreign  combustible  material  should  be  kept  out  of 
the  pile. 
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3.  The  coal  should  be  piled  in  uniform  sizes  and  segre- 
gation prevented. 

4.  Sized  coal  only  should  be  stored,  if  possible. 

5.  It  is  immaterial  whether  the  storage  is  under  cover 
or  in  the  open. 

6.  The  greatest  liability  to  fires  seems  to  be  within  the 
first  three  or  four  months  and  during  that  time  special  care 
should  be  taken  to  watch  the  pile  for  evidences  of  combustion. 

The  illustrations  given  are  selected  from  a  great  number  of  pho- 
tographs taken  at  more  than  one  hundred  fires  visited  in  Chicago  and 
m  other  cities,  where  the  conditions  were  found  to  be  similar  in  most 
respects  to  those  found  in  Chicago  with  the  exception  that  usually 
smaller  amounts  were  stored. 
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IV.    Effects  of  Storage  upon  the  Properties  of  Coal 

In  Circular  No.  6  the  effects  of  storage  upon  the  properties  of  coal 
were  considered  under  the  following  heads : 

1.  Appearance. 

2.  Loss  of  heating  value. 

3.  Firing  qualities. 

4.  Spontaneous  combustion. 

5.  Coking  and  gas-making  properties. 

6.  Degradation  or  the  increase  in  the  amount  of  fine 
coal  and  dust  due  to  breakage  from  handling  and  to  slacking 
or  weathering. 

7.  Loss  in  weight. 

The  conclusions  in  Circular  No.  6  were  as  follows : 

(a)  The  heating  value  of  coal  as  expressed  in  B.t.u.  is 
decreased  very  little  by  storage,  but  the  opinion  is  widespread 
that  storage  coal  bums  less  freely  than  fresh  coal.  Experi- 
ments indicate  that  much  of  this  deficiency  may  be  overcome 
by  keeping  a  thinner  bed  on  the  grate  and  by  regulating  the 
draft. 

(b)  The  coking  properties  of  most  coals  seem  to  decrease 
as  a  result  of  storage,  but  coals  vary  greatly  in  this  respect. 

(c)  The  deterioration  of  coal  stored  under  water  is  neg- 
ligible, and  such  coal  absorbs  very  little  extra  moisture.  If 
only  part  of  a  coal  pile  is  submerged,  the  part  exposed  to  the 
air  is  still  liable  to  spontaneous  combustion. 

Although  a  study  of  the  data  gathered  in  connection  with  rail- 
road storage  shows  that  a  few  consider  that  stored  coal  burns  better 
than  fresh  and  although  similar  opinions  have  also  been  given  by  those 
reporting  on  stationary  power  plants,  yet  the  conclusion  seems  scarcely 
tenable.  As  pointed  out  by  Parr  in  his  bulletins,  there  may  be  a  slight 
increase  in  B.t.u.  value  due  to  the  washing  out  of  the  sulphur  con- 
tents, thus  giving  a  greater  carbon  content  per  ton  in  the  resultant 
coal.  This  difference,  however,  is  so  slight  as  not  to  be  appreciable  in 
ordinary  firing. 
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It  should  be  remembered  that  very  often  the  apparent  deteriora- 
tion in  the  coal  taken  out  of  storage  is  due  not  to  any  change  in  the 
coal  but  to  the  fact  that  the  clam-shell  or  other  device  used  for  re- 
claiming, digs  into  the  ground  under  the  pile  and  mixes  soil  or  refuse 
with  the  coal.  It  should  also  be  remembered  that  the  experiments  at 
the  University  of  Illinois,  which  indicated  that  storage  coal  can  be 
burned  as  readily  as  fresh  coal  if  a  thinner  bed  is  kept  on  the  grate 
and  if  the  draft  is  properly  regulated,  applied  particularly  to  sta- 
tionary plants  and  that  the  draft  cannot  be  so  well  regulated  in  locomo- 
tive practice. 

The  following  analyses  furnished  by  W.  D.  Langtry  confirm  the 
conclusion  that  the  decrease  in  heating  value  in  B.t.u.  of  stored  coal 
is  very  slight. 

Coal  stored  by  the  Indianapolis  Abattoir  Company  for  two  years 
showed  a  decrease  in  B.t.u.  of  only  5.85  per  cent,  as  indicated  by  the 
following  analyses : 

coal  Stored  during  ms         ^^^^^^j^ 

Moisture 13.66  17.19 

Dry  Ash 14.33  14.17 

Dry    B.t.u 12  393  11  668 

Indiana  fourth  vein  coal  showed  a  falling  off  of  B.t.u.  of  only 
about  one  per  cent ,  as  indicated  by  the  following  analyses : 

Coal  from  Same  Mine 
Average  of  472  cars  Fuel  Coal  in  Storage  for 

one  year 

Moisture 13.66  17.96 

Dry  Ash 14.33  14.52 

Dry    B.t.u 12  393  12  200 

Variation  in  heating  value  in  coal  from  Murphysboro,  Illinois^ 
was  very  slight  after  fifty-one  days  in  storage,  as  is  shown  by  the 
following  figures,  and  the  slight  difference  ieould  be  easily  attributed 
to  variation  in  sampling  and  analyses : 

About  Dec.  1,  1918  Jan.  24,  1919 

Moisture 10.08  10.65 

Ash 15.41  14.90 

Volatile 31.28  31.56 

Fixed  Carbon      ....     43.23  43.89 
B.t.u.  (Moisture,  ash,  and 

sulphur    free)       ...  14  848  14  822 
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Another  test  of  Murphysboro  screenings  placed  in  storage  on  the 
West  Side  in  Chicago  gave  the  following  results : 


Coal  from 

Boiler  Room 

(or  Freeh  Coal) 

Coal  in  Storage 
4  Months 

Coal  in  Storage 
18  Months 

Per  Cent 
Commercial 

Per  Cent 
Commercial 

Per  Cent 
Commercial 

Moistare 

10.25 

0.08 

33.18 

47.40 

14  816 

12.44 

0.16 

33.12 

45.28 

14  761 

11  80 

Aah 

7  08 

Volatile 

33  28 

Fiiad  carbon 

46  85 

B.i.u.  (moiature.  aah,  and  sulphur  free) 

14  713 

The  coal  in  storage  18  months  was  piled  10  or  12  feet  high  and 
the  pile  was  about  150  feet  long  and  25  feet  wide,  bulkheaded  with 
wooden  anchors  running  into  the  pile.  It  was  reported  that  the  tem- 
perature was  at  no  time  more  than  a  few  degrees  over  100  degrees 
Pahr. 

The  Engineering  Supplement  of  the  London  Times  for  July  27, 
1917,  in  discussing  the  storage  of  coal,  says : 

'  *  The  loss  due  to  weathering  need  not  cause  much  concern  since  it  would  not 
be  large  from  the  pecuniary  point  of  view.  CoUiery  owners  could  in  many  cases 
select  for  storage  the  coals  which,  owing  to  their  physical  properties  and  chem- 
ical composition,  are  most  immune  from  the  effects  of  weathering  or  storage. 
Some  tests  on  the  effect  of  exposure  on  certain  coals  yielded  the  foUowing  ro- 
snlts: 


Description  of  Coal 


Storage  CoDdition 


Effect  on  Calorific  Power 


Beasal  coal.  India 
Scoteh  anthracite  cobbles* 
Scotch  house  coal* 


Large  stocks  exposed  for  12  months 

in  the  open 
Samples  exposed  to  all  weathers  in 

England  for  2H  years 
Sample  exposed  as  above  for  2>i 

years 


Depth  of  stock  4  ft.,  aver. 

loss  7.6  per  cent 
Loss  3.3  per  cent 

Loss  8.4  per  cent 


*  These  coals,  if  stored  in  large  quantities,  would  not  show  such  a  loss,  as  the  total 
coftl  which  is  covered  by  the  overlying  layers  would  be  protected  from  the  effects  of  the 
weather." 
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V.    Storage  Systems 

In  Circular  No.  6,  Chapter  V,  the  points  to  be  considered  in  choos- 
ing a  storage  system  and  the  requirements  of  an  ideal  storage  plant 
were  discussed.  The  following  types  of  storage  were  described  in  con- 
siderable detail : 

Hand-operated  storage  systems. 

Storage  by  motor  truck. 

Pile  storage  from  cars  without  a  trestle. 

Trestle  storage. 

Storage  with  side  dump  cars. 

Side-hill  storage. 

Use  of  mast  and  gaff  arrangement  in  storage. 

Locomotive  crane  storage. 

Parallel  track  storage. 

The  trestle  and  crane  system. 

Circular  storage. 

Steeple  towers. 

The  Hunt  system. 

Bridge  storage. 

Deep  reinforced  concrete  storage  bins. 

Underwater  storage. 

Since  the  publication  of  Circular  No.  6,  a  large  number  of  storage 
plants  have  been  investigated  and  the  following  descriptions  indndc 
a  number  of  new  systems  and  also  additional  information  about  som^ 
types  that  were  described  in  Circular  No.  6. 

28.  Hand  and  Truck  Storage. — There  are  no  developments  to  re- 
port in  connection  with  hand  storage  systems  since  the  publication  of 
Circular  No.  6.. 

The  pile  of  coal  stored  by  motor  truck  at  the  University  of  Illinok 
as  described  in  Circular  No.  6,  is  still  in  storage  and  there  have  beeu 
no  evidences  of  fire.  The  coal  was  screened  1%  nut  in  size  when  stored 
during  1918  and  though  the  outside  of  the  pile  is  now  finely  pulveriod, 
the  coal  exposed  by  digging  into  the  pile  to  the  depth  of  a  foot  has  the 
same  appearance  as  when  stored. 
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29.  Pile  storage. — Pile  storage  from  cars  which  run  on  a  track 
laid  on  the  coal  pile  and  raised  from  time  to  time  is  probably  the 
method  most  widely  used  by  railroads.  It  is  also  adopted  to  some  ex- 
tent by  commercial  plants  because  it  is  the  easiest  in  application,  and 
requires  only  a  small  expenditure  of  money  for  permanent  equipment 
and  because  the  track  can  be  moved  from  place  to  place  as  desired. 

The  objections  to  the  method  are : 

(a)  The  pyramiding  effect;  that  is,  the  segregation  of 
fine  coal  at  the  center  and  top  of  the  pile  is  intensified  as  the 
locomotive  and  loaded  train  crush  the  coal  under  the  track. 

(b)  It  is  not  practicable  to  divide  the  coal  by  cross- 
passageways  so  as  to  make  a  number  of  small  piles  and  thus 
render  each  pile  easy  of  access  for  reclaiming. 

(c)  When  coal  is  piled  in  this  way  adequate  track  provi- 
sion for  moving  the  coal  quickly  is  apt  to  be  neglected  until  it 
is  time  to  move  the  coal  and  a  track  cannot  then  be  put  in  place 
quickly  enough  to  save  the  pile.  Where  this  method  is  used 
the  track  should  be  moved  from  the  top  of  the  pile  to  the 
surface  alongside  the  pile  so  as  to  provide  for  the  rapid  load- 
ing out  of  the  coal,  if  necessary.  The  use  of  a  standard  rail- 
road ballast  spreader  to  spread  the  coal  on  the  pile  is  to  be 
preferred  to  the  ordinary  method  of  dragging  a  tie  through 
the  coal. 

Mr.  J.  F.  Hanson,  Fuel  Supervisor  of  the  Cleveland,  Cincinnati, 
Chicago,  and  St.  Louis  Railroad,  says : 

"Oar  experience  thiii  year  (1918)  has  certainly  demonstrated  that  coal  can- 
not be  stored  successfully  by  dumping  cars  over  the  track  and  then  raising  the 
track  through  the  coal.  *  * 

On  the  other  hand  during  1917  the  Illinois  Central  Railroad  suc- 
cessfully stored  run-of-mine  in  this  way  at  two  mines  near  Duquoin, 
Illinois.  Although  the  method  has  been  successfully  used  in  a  number 
of  instances,  it  is  the  least  desirable  of  all  methods  and  is  to  be  avoided 
if  possible. 

Pile  storage  with  the  tracks  placed  alongside  of  the  pile  rather 
than  on  top  is  extensively  used,  and  has  not  the  same  disadvantages  as 
pile  storage  with  the  tracks  raised  on  top  of  the  pile.  Fig.  36,  shows 
long  piles  of  the  Missouri,  Kansas,  and  Texas  Railroad,  Enid,  Okla- 
homa. 
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The  track  should  be  kept  in  place,  so  that  the  coal  can  be  loaded 
out  promptly,  if  necessary,  and  should  not  be  moved  as  soon  as  the 
coal  has  been  stored,  as  is  sometimes  done.  Two  tracks  between  piles 
give  greater  flexibility  in  switching  cars  than  one,  though,  if  necessary, 
one  track  will  sufSce  as  the  locomotive  crane  can  be  used  for  switching 
the  cars.  When  two  tracks  are  used  the  crane  runs  on  the  track  next 
the  pile  and  unloads  from  cars  on  the  parallel  track.  The  height  of 
such  piles  should  preferably  be  limited  to  16  to  20  feet  and,  to  prevent 
pyramiding  and  breakage,  the  coal  should  be  laid  down  in  layers  as 
thin  as  practicable,  usually  not  over  three  feet  thick  and  spread  over 
the  full  width  and  length  of  the  pile.  It  should  not  be  piled  up  to  the 
full  height  at  one  spot  in  the  pile.  The  clam-shell  bucket  should  also 
preferably  be  lowered  to  a  point  just  above  the  surface  of  the  pile  be- 
fore being  dumped  so  as  to  minimize  breakage. 

Fig.  37  shows  the  standard  system  of  the  Missouri  Pacific  Rail- 
road. For  coals  that  are  liable  to  spontaneous  combustion,  the  alley- 
ways across  the  piles  are  used ;  otherwise  the  piles  are  continuous. 

Locomotive  cranes  or  ditcher  appliances  (see  Figs.  38  and  39) 
afford  great  flexibility  in  placing  coal  in  storage  and  in  reclaiming  it; 
they  utilize  equipment  with  which  railroads  and  many  industrial 
plants  are  usually  already  supplied.  Piles  can  be  made  of  any  length 
that  the  available  space  permits  and  the  width  is  limited  only  by  the 
reach  of  the  crane.  They  are  also  particularly  well  adapted  for  stor- 
ing coal  in  circular  piles. 

With  respect  to  usefulness  for  reclaiming,  there  is  probably  little 
difference  between  a  revolving  shovel  and  a  locomotive  crane  or  ditcher, 
but  a  shovel  cannot  be  used  for  unloading  from  the  cars.  Any  equip- 
ment of  this  kind  requires  a  permanent  investment  in  track  for  which, 
however,  a  rental  may  be  charged  to  the  storage  account. 

30.  Trestle  Storage, — Trestle  storage  requires  an  initial  per- 
manent investment  in  a  structure  which  is  used  for  only  a  short  time. 
The  legs  of  a  trestle  embedded  in  a  coal  pile  are  apt  to  be  starting 
points  for  fires.  In  dumping  from  a  trestle  it  is  impossible  to  avoid 
pyramiding  and  the  breakage  is  often  excessive.  The  bents  of  a  trestle 
interfere  with  the  loading  out  of  the  coal  and  cleaning  out  of  the  bin. 
The  combination  of  a  trestle  for  unloading  and  a  crane  for  reloadmg  i^ 
satisfactorily  used. 
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Pio.  37.      Plan  and  Section  Illustrating  Standard  Coal  Storage  System  of 
Missouri  Pacific  Railroad 

An  innovation  in  storage  trestles  is  claimed  by  the  Seaboard  Air 
Line  Railroad  in  connection  with  its  trestle  storage  at  Jackson  and 
Savannah,  Georgia.  Trestles  are  constructed  as  shown  in  Fig.  40  and 
the  ground  is  covered  with  plank.  The  A  section  extends  the  entire 
length  of  the  pile  and  is  made  air-tight,  except  at  the  ends.    The  pur- 
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Fio.  40.    CooLiNO  Duct  under  Pile 

pose  of  this  flue  is  two-fold :  to  help  in  shifting  the  coal  from  under 
the  trestle  and  thus  facilitate  loading  by  crane,  and  also  to  act  as  a 
cooling  agent  by  conveying  cool  air  the  entire  length  of  the  trestle  with- 
out having  it  come  in  direct  contact  with  the  coal.  Run-of-mine  coal 
containing  a  large  amount  of  slack  was  stored.  An  eflEort  was  made  to 
store  low  sulphur  coals,  because  the  action  of  water  on  sulphur  in  coal 
forms  sulphuric  acid,  which  breaks  up  the  lumps  into  slack.  At  no 
time  was  a  temperature  above  70  degrees  noted  in  pipes  placed  in  the 
piles. 

Pig.  41  shows  the  Standard  Storage  System  adopted  by  the  New 
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Fio.  41.    Plan  and  Section  Illustrating  Standard  Coal  Storage  System 

OF  THE  New  York,  New  Haven,  and  Hartford  Railroad 

(Tonnage  Givkn  per  Linear  Foot) 
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Fio.  36.    Railroad  Coal  Storage  Pile  at  Enid,  Oklahoma 


Fig.  38.    Ditcher  Reclaiming  Coal 


Digitized  by  VjOOQ  IC 


Fig.  39.    Ditcher  Reclaiming  Coal 


Fig.  42.    Drag-Line  Coal  Storage  and  Coal  Handling  Plant  of  Southon* 
Railway  at  Air  Line  Junction,  Virginia 
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York,  New  Haven,  and  Hartford  Railroad  at  three  coal  storage  yards 
recently  installed.  A  trestle  1600  to  1700  feet  long  and  16  to  17  feet 
high  runs  through  the  center  of  each  yard  and  on  either  side  is  a  pair 
of  parallel  tracks.  The  trestle  supports  are  wooden  piling  and  the 
tracks  on  top  of  the  trestle  rest  on  steel  girders.  The  two  pairs  of 
parallel  tracks  approach  at  the  yard  entrance.  On  one  of  the  parallel 
tracks  on  either  side  of  the  center  trestle  a  locomotive  cran^  operates 
with  a  swinging  boom  which  transfers  the  coal  dumped  from  hopper 
bottom  cars  running  on  top  of  the  trestle  to  piles  built  up  about  the 
trestle  and  also  outside  of  the  parallel  tracks.  The  average  height  of 
the  coal  pile  is  20  feet.  The  coal  is  trenched  to  a  depth  of  8  to  10  feet 
regularly  throughout  the  pile  and  in  addition  ventilation  pipes  are  put 
down  to  the  bottom  of  the  pile  40  to  50  feet  apart.  Temperature  tubes 
are  inserted  in  these  pipes  and  readings  are  taken  regularly  for  indica- 
tions of  heating.  « 

Side  hill  storage  is  applicable  only  in  certain  districts  and  with  it 
the  pyramiding  effect  is  exaggerated. 


hh 


4LA^ 
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Flo.  43.    Plan  and  Section  of  Coal  Storage  and  Coal  Handling  I'lant  ok 

SOXTTHERN   RAILWAY   AT  AlE  LiNE  JUNCTION,  VIRGINIA 

31.  Drag-Line  Bucket  Storage. — Figs.  42  and  43  show  in  per- 
spective, in  plan,  and  in  section  the  drag-line  type  of  storage  used  by 
the  Southern  Railway.  The  storage  piles  contain  from  3000  to  10  000 
tons  each,  with  a  depth  of  not  more  than  10  feet.    The  railway  cars 


Digitized  by  VjOOQ  IC 


94  ILLINOIS  ENOINEEBINQ  EXPERIMENT  STATION 

dump  the  coal  into  a  track  hopper,  from  which  it  is  fed  by  a  loading 
device  to  a  bucket  elevator.  This  delivers  it  either  to  the  storage  bin 
of  the  coaling  station  or  to  a  gravity  chute  which  discharges  at  about 
the  center  of  the  storage  pile  and  from  this  point  it  is  distributed  over 
the  area  of  the  pile  by  the  drag  scraper. 

This  scraper  also  returns  coal  from  the  storage  pile  to  the  track 
hopper  and  elevator  for  the  supply  of  the  locomotive  coaling  bin.  The 
storage  pile  is  of  irregular  form  and  is  surrounded  by  poles,  placed 
about  20  feet  apart,  to  which  is  attached  the  cable  line  for  operating 
the  bucket.  It  has  been  found  that  the  best  height  for  these  piles  is 
about  12  feet.  They  are  made  of  steel  H-beams,  each  set  in  a  concrete 
base  and  are  connected  at  the  top  by  a  row  of  %-inch  rods. 

The  scraper  bucket  is  operated  by  means  of  a  double  drum  frictioa 
hoist  driven  by  a  25  hp.  motor  geared  directly  to  a  countershaft.  With 
this  equipment  the  operator  can  take  the  coal  delivered  from  the  chute 
and  distribute  it  between  this  point  and  the  post  to  which  the  snatch- 
block  is  attached.  To  reach  the  space  between  two  posts,  lines  may  be 
fastened  to  them  and  the  snatch-block  attached  to  the  lines.  By  shift- 
ing the  block  from  pole  to  pole  any  point  within  the  coal  storage  area 
can  be  reached.  When  it  is  necessary  to  supply  the  bin  of  the  coaling 
station,  the  position  of  the  bucket  or  scoop  is  reversed,  its  open  end 
being  turned  toward  the  coaling  station,  the  backhaul  cable  then  be- 
coming the  hauling  line. 

Drag-line  storage  systems  are  somewhat  less  flexible  than  the 
locomotive  crane  type  but  they  require  less  initial  investment,  for  the 
motor,  ropes,  bucket,  and  posts  are  probably  less  costly  than  a  crane, 
and  no  track  investment  is  required. 

32.  Silo  Type  of  Storage  Pockets. — The  silo  type  of  coal  storage 
pocket  has  been  used  by  a  number  of  industrial  plants  for  strictly 
storage  purposes  and  by  retail  dealers  and  railroads  for  temporary 
storage  and  current  supply.  The  silos  are  constructed  of  reinforced 
concrete,  of  steel  plates,  or  of  wooden  staves  and  are  often  built  in 
batteries  of  two  or  more  with  a  capacity  of  100  to  1000  tons.  They 
vary  in  diameter  from  14  to  30  feet  and  in  height  from  24  to  75  feet. 
Old  steel  tanks  have  been  remodeled  in  some  cases  to  serve  as  coal 
pockets.    The  silos  are  filled  from  hopper  bottom  cars  which  are  nn- 
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loaded  through  a  track  grating  into  the  boot  of  an  elevator  which  de- 
livers the  coal  at  the  top  into  a  conveyor  line  running  over  the  top  of 
the  silos  and  arranged  for  automatic  dumping  into  any  desired  silo. 
Silos  are  usually  set  high  enough  above  the  ground  so  that  the  coal 
can  be  loaded  out  by  gravity  through  chutes  either  into  a  conveyor 
for  transferring  the  coal  to  a  power  plant,  or  into  wagons;  a  screen- 
ing arrangement  may  be  located  at  the  discharge  point.  At  the 
top  of  the  silo,  in  order  to  prevent  breakage,  the  coal  may  be  dumped 
upon  a  zig-zag  coal  ladder  consisting  of  a  series  of  projections  from 
the  walls  of  the  silo,  the  coal  falling  from  one  to  the  other  so  as  to  de- 
crease the  height  of  drop. 

The  advantages  of  the  silo  are :  small  ground  space  required,  less 
labor  required  for  loading  and  unloading,  and  the  ease  with  which  the 
coal  can  be  transferred  by  means  of  elevators  and  conveyors  from  one 
silo  to  another  in  case  of  a  rise  in  temperature. 

The  disadvantages  are :  high  initial  cost  of  installation  and  exces- 
sive breakage  when  the  coal  is  dropped  through  any  great  height,  and 
the  necessity  of  moving  the  entire  contents  of  the  silo  below  the  heat- 
ing spot  if  heating  occurs. 

It  is  believed  by  some  that  the  danger  of  the  coal  heating  is 
reduced  to  a  certain  extent  because  every  load  that  is  taken  out  of  the 
silo  shifts  the  position  of  the  remaining  coal.  Such  movement  of  the 
coal  may  also  act  injuriously  by  causing  the  circulation  of  air  in  an 
insuflScient  quantity.  If  heating  occurs,  the  bin  may  be  flooded  with 
water,  provided  it  has  been  constructed  to  withstand  the  pressure  of 
the  coal  with  the  interstices  filled  with  water. 

Pig.  44  illustrates  a  coal  pocket  of  wooden  stave  construction, 
which  consists  of  a  battery  of  four  silos  34  feet  high,  three  of  them 
being  20  feet  in  diameter  and  the  fourth  one  only  16  feet  in  diameter. 
The  storage  capacity  of  the  plant  is  about  1500  tons  of  anthracite. 

The  coal  is  dumped  from  the  car  into  a  steel-lined  concrete  hopper 
from  which  it  slides  into  a  steel  boot.  It  is  then  elevated  by  continuous 
buckets  to  a  point  over  the  bins,  from  which  it  is  distributed  as  desired 
through  several  chutes  and  valves.  To  avoid  excessive  breakage  it  is 
lowered  to  the  level  of  the  coal  in  the  different  bins  by  a  zig-zag  coal 
ladder.    The  power  is  furnished  by  a  10  hp.  electric  motor. 

The  cost  of  operating  this  plant  is  given  by  the  H.  M.  Tuttle  Com- 
pany of  Bennington,  Vermont,  as  follows : 


Digitized  by  VjOOQ  IC 


00  IIX.INOIR  ENGINEERING  EXPERIMENT  STATION 

Plant  Bxpenses  for  One  Month 

1.  Depreciation  , $31.59 

2.  Beal  Estate  ExpeDso 

Tax   apportionment 14.08 

Insurance 10^ 

Land  and  track  rental 22.01 

3.  Light  and  Power 8.70 

4.  Degradation 

Shortage  in  weight  of  cars  and  loss 
from  screenings  for  1259.04 
net  tons  at  $.89  per  ton 491.09 

5.  Wages 

Unloading  and  yard  employees 202.46 

Total $780.26 

Thus,  since  1259.04  tons  were  handled  during  the  month,  the  cost 
per  net  ton  would  be  $0.62.  The  average  cost  per  net  ton  for  nine 
months  was  $0,554. 

The  cost  of  silos  similar  to  those  shown  in  Fig.  44  was  given  in 
February,  1919,  as  $2.20  for  a  400.ton  bin  to  $2.60  for  a  200-ton  bin 
per  ton  of  coal  capacity  for  the  materials  on  board  cars  at  Rutland, 
Vermont,  at  the  plant  of  the  Creamery  Package  Manufacturing  Ck)m- 
pany,  builders  of  such  silos.  Erection  and  freight  are  said  to  add  not 
over  fifty  cents  per  ton. 

Fig.  45  shows  a  stave  silo  plant  elevated  for  bottom  discharge  to 
retail  trucks. 

Concrete  or  steel  construction  for  silos  has  an  advantage  over 
wood  construction  as  the  repair  bill  is  less,  and  the  fire  risk  is  greatly 
reduced.  With  reference  to  a  concrete  storage  pocket,  F.  W.  Stock  & 
Sons,*  Hillsdale,  Michigan,  under  date  of  January  30,  1919,  says: 

' '  The  coal  storage  tanks  erected  about  a  year  ago  have  proved  a  very  sueeen- 
ful  investment  for  us  as  a  manufacturing  concern.  To  prevent  spontaneous  com- 
bastion  the  coal  should  be  drawn  in  rotation  from  all  the  tanks  and  not  fron 
only  one;  otherwise,  there  is  considerable  chance  of  spontaneous  combnatioD, 
particularly  if  the  coal  happened  to  be  slightly  damp  when  put  into  the  tanks.'' 

The  Macdonald  Engineering  Company,  Chicago,  Illinois,  builders 
of  this  plant,  reports  upon  these  silos  after  they  have  been  operated 
two  years,  as  follows : 


*  IlluBtrated  and  described  in  Univ.  of  HI.,  Eng.  Exp.  Sta.  Circular  No.  6,  p.  95. 
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Fio.  44.    Wooden  Stave  Silo  CJoal  Storage  Plant 


Fio.  45.    Wooden  Stave  Silo  Coal  Storage  Plant,  Arranged  for  Bottom 

Discharge 
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*  *  One  of  the  bins  in  thb  plant  which  is  28  feet  in  diameter  and  70  feet  deep 
was  kept  continuously  filled  with  coal  from  sometime  in  October,  1917,  to  August, 
1918.  The  contents  in  this  time  had  not  been  disturbe^i  to  amount  to  anything. 
No  perceptible  rise  of  temperature  was  observed  until  sometime  in  August,  1918, 
when  the  moisture  originaUj  in  the  coal  seemed  to  be  pretty  well  evaporated  and 
the  temperature  began  to  rise.  We  had  equipped  these  bins  with  a  means  for 
flooding  them  with  water.  About  the  first  of  September  when  the  temperature 
was  at  the  ignition  point  we  tried  an  experiment  and  turned  on  the  water.  This 
resulted  in  so  much  steam  and  gas  that  it  was  discontinued,  as  our  man  feared  it 
might  produce  an  explosion.  Immediately  after  shutting  off  the  water  we  drew 
out  10  tons  of  the  hot  coal  through  the  bottom  discharge  spouts  of  the  bin.  This 
eoal  was  smouldering  and  the  amount  drawn  seemed  to  include  all  that  was  on 
fire.  We  then  closed  the  valves  and  sealed  them  air-tight  with  a  putty  of  clay. 
Two  or  three  days  later  an  inspection  showed  that  the  trouble  was  over  and  the 
temperature  nearly  normal,  since  which  time  there  has  been  no  further  increase  in 
temperature.  At  the  date  of  the  heating  we  had  65  feet  of  coal  in  the  bin  and 
we  found  that  the  fire  was  located  on  the  hopper  bottom  of  the  bin  and  occupied 
the  space  between  the  outlet  openings  and  the  manhole  which  was  built  in  the 
vertical  outside  waU  of  the  bin.  The  indications  were  that  there  had  been  just 
enough  air  ventilation  between  the  outlets  and  this  valve  to  furnish  the  required 
amount  of  oxygen  for  combustion.  From  this  experiment  it  would  seem  that  if 
the  opening  were  sealed  perfectly  air-tight  there  would  be  no  rise  in  temperature. 
After  using  this  plan  for  two  years  the  only  suggestion  that  the  owners  had  to 
make  is  that  they  would  use  smaller  bins  for  any  future  storage,  so  that  if  they 
had  to  change  the  coal  from  one  to  another  there  would  not  be  so  much  to  handle. ' ' 

W.  A.  Joshel,  wholesale  and  retail  coal  dealer  of  Geneva,  Illinois, 
has  two  silos  60  feet  in  height  and  18  feet  in  diameter.  One  of  these 
is  partitioned  into  four  bins  and  the  other  into  two  bins  by  means  of 
2x4 's  laid  flat.  The  silo  walls  are  6-inch  reinforced  concrete.  There 
has  been  no  trouble  from  heating ;  the  coal  is  kept  in  motion  by  being 
constantly  drawn  out  at  the  bottom.  The  breakage  has  been  heav>- 
and  Mr.  Joshel  advises  building  silos  much  lower  and  either  building 
more  of  them  or  increasing  the  diameter.  He  is  able  to  unload  a  42- 
ton  car  of  anthracite,  range  size,  from  a  hopper-bottom  car  in  one  and 
one-fourth  hours  with  only  one  attendant,  while  a  box  car  takes  three 
times  as  long.  Power  is  furnished  by  a  71^  hp.  motor.  The  silos 
hold  about  600  tons  and  the  cost  on  the  1916  price  basis  was  $7000, 
which  is  considered  to  be  $700  too  high,  due  to  unusual  foundation 
blasting  and  other  difficulties. 

Fig.  46  shows  a  storage  plant  of  the  American  Hominy  Company 
of  Indianapolis,  Indiana.  It  is  built  of  concrete  in  silo  type  and  has 
a  basement  conveyor  tunnel  running  the  full  length  of  the  building. 
Each  of  the  five  concrete  bins  is  28  feet  in  diameter  and  75  feet  in 
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height.  The  coal  is  received  through  a  deep  track  hopper  which  will 
take  the  discharge  from  the  longest  coal  car  made  and  deliver  it 
through  a  crusher  to  a  vertical  elevator  which  raises  it  to  the  top  of  the 
storage  plant.  The  distributing  arrangement  is  such  that  the  coal  may 
be  delivered  directly  to  the  bunkers  in  the  boiler-house  or  sent  into 
the  bins  for  storage.  After  being  delivered  into  the  bins  it  is  trans- 
ferred from  these  bins  by  means  of  a  belt-conveyor  located  in  the  base- 
ment of  the  building,  elevated  by  a  vertical  conveyor  at  the  end,  and 
discharged  through  an  automatic  scale  to  a  conveyor  which  delivers  the 
coal  to  the  boiler  room  bunkers.  The  advantages  claimed  for  this  form 
of  storage  are  reduction  in  ground  space ,  as  well  as  the  reduction  of 
labor  cost  due  to  automatic  handling  of  material. 

At  this  plant,  during  the  summer  of  1919,  an  explosion  occurred 
in  one  of  the  silos  while  a  small  amount  of  coal  that  had  heated  badly 
was  being  drawn  off  at  the  bottom.  The  explosion  had  sufficient  force 
to  lift  the  roof  slab  a  few  inches  and  to  carry  away  a  small  section  of 
the  side  wall.  The  heating  seems  plainly  traceable  to  an  air  leak 
around  the  outlet  valves  at  the  bottom  which  at  first  were  not  made  air- 
tight.   After  the  supply  of  air  was  shut  off  the  heating  ceased. 

33.  Portable  and  Semi-Portable  Conveyors. — The  portable  or 
semi-portable  type  of  elevator  or  conveyor  has  been  developed  by  a 
number  of  firms  to  supply  means  for  storing  and  handling  coal  in 
smaller  quantities  and  with  less  expensive  machinery  than  by  the  use 
of  cranes  of  either  the  locomotive  or  gantry  type. 

These  appliances  consist  essentially  of  a  belt  or  bucket  conveyor 
suitably  supported  and  encased  and  moved  about  by  means  of  wheels 
underneath  or  supported  by  a  form  of  trolley  overhead.  Semi-port- 
able conveyors  have  one  end  fixed  or  pivoted,  while  the  discharge  end 
can  be  rotated.  These  conveyors  vary  in  size  from  the  small  wagon 
loader  type  to  the  long  portable  type  intended  distinctly  for  storage 
purposes,  the  conveyor  arm  varying  in  length  from  6  feet  to  60  feet 
and  in  width  from  12  inches  to  24  inches.  According  to  the  catalog 
of  the  Barber-Greene  Company  of  Aurora,  Illinois,  the  capacity  of 
belt  conveyors  and  power  required  for  different  materials  is  given  in 
the  following  table : 
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It  is  claimed  that,  where  material  is  delivered  by  gravity  from 
the  car  directly  to  the  conveyor,  there  is  a  saviug  of  from  75  to  90  per 
cent  in  the  handling  cost  and  even  where  the  material  is  shoveled  to 
the  conveyor  half  of  the  labor  cost  is  saved.  The  power  requirements 
are  said  to  be  from  one  to  two  kilowatts  per  hour  for  the  short  con- 
veyors and  from  three  to  five  kilowatts  for  the  long  conveyors.  Several 
types  of  conveyors  used  in  coal  storage  are  shown  in  Figs.  47  to  61. 

A  typical  method  of  using  a  combined  fixed  and  portable  system 
is  shown  in  Figs.  47  and  48.  The  coal  is  delivered  from  the  car  into 
the  boot  of  the  fixed  conveyor  and  at  the  delivery  end  builds  up  a 
conical  pile,  the  height  of  which  depends  upon  the  height  of  the  end 
of  the  conveyor  and  the  amount  of  drop  allowable.    After  the  central 


Fio.  48.    Circular  Method  of  Piling  Coal,  Using  Both  Portable  and 
Semi-Portable  Conveyors  —  Plan  and  Section 
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pile  has  been  built  a  concentric  pile  is  built  up  by  delivering  the  coal 
into  a  chute  which  at  the  bottom  feeds  the  boot  of  a  portable  conveyor. 
This  conveyor  in  turn  builds  up  either  a  series  of  conical  piles  con- 
centric with  the  center  pile  as  shown  in  Pig.  47  or  a  continuous,  eon- 
centric,  conical  pile  as  shown  in  Pig.  48. 

An  application  of  this  system  built  by  the  Barber-Greene  C!om- 
pany  at  Mooseheart,  Illinois,  is  illustrated  in  Pigs.  49  to  51.  In  this 
plant  the  coal  is  delivered  from  a  railroad  track  hopper  shown  at  the 
left  in  Pig.  49  into  the  boot  of  a  vertical  bucket  elevator  which  at  the 
top  delivers  the  coal  either  into  a  cross-conveyor  which  carries  it  into 
the  boiler  house  bunkers,  or  else  to  conveyors  which  carry  it  to  the  stor- 
age piles. 

In  the  original  installation  built  in  1918,  an  inclined  conveyor  sup- 
ported on  trestles  was  used.  This  conveyor  delivered  the  coal  either 
upon  a  single  conical  pile  or,  by  means  of  a  long  chute  and  a  semi-port- 
able conveyor,  upon  a  concentric  pile  or  several  concentric  piles  as 
shown  in  Pigs.  49  and  50. 

To  reclaim  the  coal  the  process  was  reversed,  the  coal  being  taken 
from  the  storage  pile  by  a  portable  conveyor,  which  delivered  it  to  a 
semi-portable  conveyor  which,  in  turn,  delivered  it  to  the  elevator. 

Experience  showed  that  a  large  central  conical  pile  at  the  end  of 
the  inclined  conveyor  was  too  high  for  safe  storage;  consequently 
this  conveyor  has  been  lowered  so  that  it  now  runs  horizontally  and 
delivers  to  the  belt  of  the  portable  conveyor. 

Pig.  51  shows  the  new  plant  at  Mooseheart  with  four  conveyors  in 
operation.  On  account  of  the  railroad  cut,  through  which  incoming 
cars  run,  it  was  found  advisable  to  divide  the  storage  equipment  into 
two  units,  one  on  each  side  of  this  railroad.  The  conveyors  operate 
with  reversible  motors  and  the  receiving  hopper  can  be  changed  from 
end  to  end  according  to  whether  the  coal  is  being  stored  or  reclaimed. 
The  initial  cost  of  the  plant  was  $4600  and  the  cost  of  the  storing  and 
reclaiming  is  estimated  to  be  about  twenty  cents  per  ton. 

Pig.  52  shows  a  portable  conveyor  used  for  storing  directly  from 
a  railroad  car  and  also  for  reclaiming  directly  into  a  railroad  car. 
Pig.  53  shows  a  portable  conveyor  supported  by  cable,  and  if  the 
ground  permits,  this  system  may  be  extended  indefinitely. 

Pig.  54  shows  a  view  of  a  portable  conveyor  made  by  the  Automatic 
Coal  Conveyor  Company  of  Chicago  and  operated  by  means  of  an 
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Pio.  47.    Circular  Method  of  Piuno  Coal,  Usinq  Both  Portable  and 
Semi-Portable  Conveyors 


Fig.  49.    Coal  Storage  Plant  Using  Fixed  and  Portable  Conveyors  at 
mooseheart,  illinois 
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Fig.  50.    Coal  Storage  Plant  Using  Fixed  and  Portable  C!onyktors  at 
moosehsart,  illinois 


Fig.  51.    View  of  Recent  Addition  to  Mooseheart  Plant, 
Showing  Four  Conveyors  in  Operation 
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Fig.  52.    Plan  and  Sectional  Views  Illustrating  Methods  op  Storing  raoM 
AND  Reclaiming  into  Railroad  Cars  with  Portable  Conveyors 


Fig.  53.    Portable  Conveyor  Supported  by  Cable 
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overhead  trolley.  This  trolley  can  also  be  installed  inside  of  a  storage 
shed  and  used  for  placing  coal  under  cover  directly  from  the  railroad 
car. 

District  of  Columbia  Storage  Yard 

The  establishment  of  a  Government  coal  storage  yard  in  the 
District  of  Columbia  marks  a  distinct  epoch  in  coal  storage.  The 
reasons  for  this  establishment  and  a  description  of  the  plant  are  as 
follows : 

The  Sundry  Civil  Act,  carrying  appropriations  for  the  fiscal  year 
from  July  1,  1918,  to  June  30,  1919,  inclusive,  which  was  approved 
by  the  President  on  July  2, 1918,  directed  the  Secretary'  of  the  Interior 
to  establish  under  the  Bureau  of  Mines  a  storage  and  distributing  yard 
for  the  handling  of  fuel  for  the  use  of  and  delivery  to  all  branches  of 
the  Federal  service  and  the  municipal  government  in  the  District  of 
Columbia  and  immediately  adjacent  thereto,  and  authorized  him  to 
select,  purchase,  contract  for,  and  distribute  all  fuel  required  by  the 
said  services. 

This  establishment  was  brought  about  as  a  result  of  the  lack  of 
adequate  means  for  receiving  and  distributing  coal  for  the  use  of  the 
Government  in  Washington.  On  account  of  this  lack  of  equipment, 
the  Government  was  greatly  handicapped  in  obtaining  an  adequate 
fuel  supply  for  its  buildings  during  the  previous  winter  when  coal 
production  was  at  a  low  ebb  and  when  transportation  conditions,  ad- 
versely affected  by  unprecedented  weather  conditions,  made  it  im- 
possible to  get  a  daily  supply  into  the  city. 

The  annual  requirements  of  the  Departments  supplied  with  fuel 
under  the  above  legislation  are  approximately  400  000  tons  of  anthra- 
cite and  bituminous  coal  per  year.  Most  of  the  power  and  heating 
plants  in  which  this  coal  is  consumed  do  not  have  bunker  capacity  for 
more  than  a  week  or  ten  days'  supply.  Therefore  the  provision  oi 
sufficient  storage  space  for  coal  to  take  care  of  all  of  the  requirement^ 
of  the  Department  for  a  period  of  a  month  seemed  essential  to  the 
securing  of  a  regular  daily  supply  of  fuel  to  the  points  of  consumption. 

There  are  periods  in  the  middle  of  winter  when  the  daily  requi^^ 
ments  for  delivery  of  coal  by  trucks  amount  to  fram  2000  to  250^ 
tons.  It  seemed  necessary,  therefore,  to  provide  some  means  of  han 
dling  this  large  daily  consumption  in  the  middle  of  winter,  with  a  min- 
inium  increase  in  the  regular  working  force  of  the  yard.    The  Stnart 
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System  of  storage  and  distribution,  with  certain  modifications  to  suit 
the  conditions  peculiar  to  the  job,  was  selected. 

Coal  storage  in  this  yard  began  about  June  1,  1919.  The  storage 
capacity  is  about  30  000  tons  with  a  capacity  in  the  distributing  bins 
of  about  1200  tons;  the  plant  is  so  arranged  that  the  distributing 
equipment  is  not  dependent  for  its  continuous  activity  upon  the 
amount  of  coal  coming  into  the  yard,  and,  on  the  other  hand,  the  labor 
force  in  unloading  incoming  coal  is  not  dependent  upon  the  immediate 
ability  of  the  distributing  equipment  to  handle  it. 

The  general  arrangement  and  operation  of  the  plant  is  shown  in 
Pig.  55^   The  coal  is  received  in  self -clearing  hopper-bottom  cars  which 
are  dumped  into  a  track  hopper  from  which  the  coal  is  fed  to  conveyor 
No.  1,  running  in  an  underground  tunnel,  which  has  a  capacity  of  350 
tons  of  coal  per  hour.    The  coal  is  weighed  while  in  motion  on  the  con- 
veyor by  means  of  a  Messiter  Conveyor  Scale  with  a  guaranteed 
accuracy  of  one-half  of  one  per  cent,  so  that  the  carloads  of  coal  can 
be  weighed  separately.    This  conveyor  delivers  the  coal  to  an  inclined 
Conveyor  No  2,  shown  at  the  left,  which  in  turn  delivers  it  to  conveyor 
No.  3  (see  also  Pig.  56),  running  on  the  surface  lengthwise  of  the  yard. 
A  stacker  (see  also  Pig.  57)  runs  on  the  track  and  spans  conveyor  No. 
3.    It  is  of  the  portable  conveyor  type  receiving  the  coal  from  con- 
veyor No.  3  at  any  point  and  delivering  it  either  to  the  coal  bins  for 
truck  loading  (See  also  Pig.  58)  or  to  any  storage  pile  alongside  the 
conveyor.    When  the  amount  of  coal  received  just  equals  the  amount 
needed  for  distribution,  the  coal  is  conveyed  directly  to  the  distributincj 
bins  which  are  self-clearing  and  from  which  the  coal  flows  without  re- 
quiring any  labor  other  than  that  of  opening  the  valves  directly  into 
the  trucks  for  distribution.    If  the  amount  of  coal  received  in  any  one 
day  is  greater  than  can  be  placed  in  the  distributing  bins,  the  stack- 
ing machine  which  normally  delivers  to  the  bins  can  be  withdrawn 
under  its  own  power  to  any  point  in  the  storage  yard  where  the  surplus 
amount  of  coal  received  during  the  day  can  be  put  into  storage.    If,  on 
the  other  hand,  more  fuel  is  required  for  distribution  on  any  given 
day  than  is  received  in  cars,  the  necessary  amount  of  coal  can  be  re- 
claimed from  the  storage  space  by  means  of  a  locomotive  crane,  which 
lifts  the  coal  into  a  traveling  hopper,  whence  it  is  fed  to  conveyor  No. 
3,  and  thence  to  the  stacker  and  distributing  bins  as  in  normal  opera- 
tion. 

Pig.  58  shows  a  general  view  of  the  office  and  bins  from  which  the 
trucks  used  for  distributing  the  coal  are  loaded.    Mr.  Gleorge  S.  Pope 
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Fio.  54.    Portable  Gonyiyob  Supported  by  Overhead  Tbollet 
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Fio.  56.    Surface  Conveyor,  Government  Coal  Storage  Pulnt, 
Washington,  D.  C. 


Fio.  57.    Stacker,  Government  Coal  Storage  Plant,  Washingtok,  D.  C. 
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Pio.  58.     Distributing  Bins  and  Office,  Government  Coal  Storage  Plant, 

Washington,  D.  C. 
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of  the  United  States  Bureau  of  Mines,  who  has  charge  of  this  storage 
plant,  reports  as  follows  in  regard  to  the  experiences  at  this  plant. 

Four  kinds  of  coal  were  placed  in  storage  as  follows : 

New  River  coal  from  various  mines;  coal  from  a  mine  operating 
the  Upper  Kittaning  or  C  Prime  bed,  Somerset  County,  Pennsylvania ; 
coal  from  a  mine  operating  the  B  or  Miller  bed,  Cambria  County, 
Pennsylvania;  and  coal  from  several  mines  in  Tucker  County,  West 
Virginia.  The  New  River  and  Somerset  County,  Pennsylvania,  coals 
were  placed  in  storage  in  June  and  July,  and  the  Cambria  County, 
Pennsylvania,  and  Tucker  County,  West  Virginia,  coals  in  September 
and  October. 

With  the  New  River  coal  three  or  four  spots  indicated  heat  by 
vapors  being  given  oflP,  but  this  was  easily  overcome  by  shoveling  out 
the  coal  and  in  no  case  was  it  necessary  to  dig  down  more  than  five 
feet.  The  warm  coal  was  spread  over  the  outside  of  the  pile  and  the 
heat  subsided.  This  heating  took  place  within  a  month  or  six  weeks 
after  the  coal  was  put  in  storage  and  since  then  there  have  been  no 
further  indications  of  heating  in  the  New  River  coal.  There  have 
been  no  indications  of  heating  in  the  Somerset  County,  Pennsylvania, 
coal.  Within  two  or  three  weeks  after  it  was  put  in  storage  the  Cam- 
bria County,  Pennsylvania,  coal  showed  signs  of  heating  as  indicated 
by  vapors  rising  from  different  points.  Attempts  were  made  to  over- 
come this  heating  by  having  men  shovel  the  hot  spots  out  as  was  done 
with  the  New  River  coal,  but  as  this  superficial  treatment  was  not 
effective,  the  pile  was  dug  into  with  the  locomotive  crane  and  the  coal 
nsed  at  once.  In  a  pile  containing  about  one  thousand  tons  of  this 
coal  the  heating  became  so  serious  that  arrangements  were  made  to  put 
in  several  tractor  cranes  but  these  were  not  necessary.  The  heating 
seemed  to  be  at  different  points  throughout  the  pile  and  some  coal 
on  the  verge  of  flaming  was  found  within  two  or  three  feet  of  the  sur- 
face at  the  top  and  sides  as  well  as  throughout  the  interior.  One  spot 
where  the  coal  had  actually  burned  and  where  ashes  were  found  was 
next  to  the  concrete  floor. 

The  Tucker  County,  West  Virginia,  coals  showed  some  indications 
of  heating  and  were  given  the  same  superficial  treatment  as  the  New 
River  coal,  but  this  coal  as  well  as  all  of  the  Cambria  County,  Penn- 
sylvania, coal  was  moved  out  of  storage  during  the  coal  strike.  The 
Somerset  County,  Pennsylvania,  coal  pile  was  practically  untouched 
and  about  one-half  of  the  New  River  coal  was  removed. 
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Mr.  Pope  describes  the  several  coals  as  follows: 

''The  Somerset  Countj,  Pennsjlvanis,  coal  is  about  the  lumpiest  we  have, 
the  New  River  being  second,  the  Cambria  County,  Pennsylvania,  third,  and  the 
Tucker  County,  West  Virginia,  fourth.  The  Cambria  County,  Pennsylvania,  coil 
has  a  slightly  higher  sulphur  content  than  the  others,  its  content  averaging  about 
two  per  cent.  * ' 

The  following  analyses  of  these  coals  are  taken  from  Bulletin  111), 
United  States  Bureau  of  Mines. 


Moisture  .  .  .  . 

Volatile 

Fixed  Carbon 

ABh 

Hulphur 


New  River. 
Shipmenta  on 
28Contracta 

Somerset  County, 
Pa..  Shipment* 
on  1  Contract 

Tucker  County, 

W.  Va.,  Shipments 

on  5  Contracts 

Cambria  Couniy. 
Pa..  Shipment 
on  16  CoQtrarta 

1.21-  3.49 

16.61-23.56 

70.03-78.82 

4.55-  6.57 

0.65-  1.00 

3.52 

15.43 

75.89 

8.68 

0.92 

2.77-4.09 

17.39-24.29 

66.52-72.47 

7.87-10.14 

1.02-  1.18 

1.82-2.88 

19.56-22.71 

60.81-73.75 

6.30-  9.11 

1.77-  2  13 

The  New  River  and  Somerset  County,  Pennsylvania,  coals  werf 
piled  to  a  height  of  sixteen  to  eighteen  feet  but,  by  moving  the  stacker, 
the  coal  was  piled  in  layers  in  a  number  of  small  cones  so  as  to  avoid 
the  segregation  that  would  result  if  the  coal  was  dumped  at  one  po'm\ 
and  a  large  cone  thus  allowed  to  build.  The  Cambria  County,  Penn- 
sylvania, and  the  Tucker  County,  West  Virginia,  coals  were  similari; 
piled  twenty-five  feet  high  in  places. 

Erie  Ballroad  Storage  Plant 

Pig.  59  shows  a  plan  of  an  extensive  storage  plant  of  the  Erie  lUdi- 
road  located  at  Buffalo,  New  York.  It  comprises  a  typical  installa- 
tion of  the  Stuart  System  of  belt  conveyors  built  by  the  Intemation*! 
Conveyor  Corporation.*  The  storage  piles  are  at  some  distance  fro* 
the  coal  pockets  and  across  the  railroad  yard.  Two  tracks  for  iucomiDj 
coal  are  parallel  to  the  two  storage  piles,  each  of  which  is  to  hold  15  (0 
tons,  the  total  of  30  000  tons  representing  a  month's  supply  for  xh 
coal  pockets.  Of  these  two  tracks,  one  is  for  loaded  and  the  other  ffl 
(Mupty  cars.  The  coal  is  dumped  through  a  track  hopper  into  the  H<^ 
of  conveyor  No.  1  which  delivers  it  to  a  hopper  at  the  top  of  the  ct^^ 
veyor  from  which  it  is  delivered,  in  turn,  to  belt  conveyor  No.  2,  whb 
luns  lengthwise  of  the  storage  yard.    On  each  side  of  the  trough  J 

*  A  detailed  description  of  the  plant  will  be  found  in  the  Railway  Age,  Vol.    65.   Xo    ' 
p.   615. 
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Plan  or  Coal  Storage  Plant  of  the  Erie  Railroad, 
Buffalo,  New  York 


M  hich  conveyor  No.  2  runs  there  is  a  rail ;  upon  this  rail  runs  a  stacker 
which  thus  spans  conveyor  No.  2  (See  Figs.  60  and  61).  This  stacker 
is  essentially  a  movable  tripper  throup:h  which  the  conveyor  belt  runs 
and  by  means  of  it  the  coal  can  be  delivered  at  any  point  along  the 
travel  of  the  conveyor  belt.  The  stacker  delivers  to  a  loader  runniiijr 
on  the  same  track  as  the  stacker  which  consists  of  a  conveyor  belt 
mounted  on  an  arm  that  is  pivoted  so  as  to  have  a  lateral  swing  of  180 
degrees  and  a  vertical  movement  so  that  the  coal  can  be  delivered  with 
a  minimum  drop.  The  stacker  in  Figs.  59  and  60  is  shown  delivering 
to  conveyor  No.  3,  which  carries  the  coal  to  the  coal  pockets.  For  stor- 
ing coal  the  stacker  delivers  into  the  storage  piles. 

To  take  coal  from  storage  a  reclaimer  is  used.  This  works  on  the 
same  track  as  the  stacker  and  loader,  and  is  shown  in  Fig.  61.  Like  the 
loader,  it  is  a  belt  conveyor  operating  on  an  arm  that  is  pivoted  on  a 
platform  and  has  a  wide  lateral  swing.  One  end  rests  on  the  ground 
and  a  plow  at  the  end  of  the  arm  is  forced  into  the  toe  of  the  coal  pile; 
the  coal  falling  on  the  belt  is  then  delivered  through  a  hopper  to  con- 
veyor No.  2  from  which  it  is  passed  on  to  the  coal  pockets  as  previously 
described. 
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If  the  coal  arrives  at  the  yard  faster  than  it  is  used  for  current 
coaling,  it  is  placed  in  storage,  but  otherwise  it  goes  directly  from  the 
track  hopper  through  Conveyors  1,  2,  and  3  to  the  pockets. 

34.  Monorail  System. — The  Grodfrey  Conveyor  System  for  coal, 
ashes,  etc.,  illustrated  in  Fig.  62,  consists  of  a  one-ton  bucket  or  skip 


Fig.  62.    Godftiby  Convbyob  System  roE  Storing  and  Handling  Coal 

traveling  on  a  suspended  monorail  or  wire  rope.  The  bucket  is  loaded 
by  gravity  at  the  side  of  the  unloading  railroad  track.  The  full  bucket 
is  hoisted  by  means  of  a  small  electric  hoist  to  the  level  of  the  sus- 
pended monorail  or  wire  rope  along  which  it  is  pulled  by  means  of  an 
endless  rope  operated  by  the  electric  hoist.  When  the  dumping  point 
is  reached  the  bucket  may  be  lowered  to  such  a  point  that  the  break- 
age of  coal  in  dumping  will  be  small.  The  installation  m  designed  to 
meet  the  needs  of  plants  using  from  15  to  150  tons  per  day  and  the 
manufacturers  claim  that  one  man  can  deliver  about  W  tons  of  coal 
per  hour  either  to  storage  or  to  the  boiler  plant.  To  reclaim  the  coal 
from  storage,  it  may  be  shoveled  into  the  bucket  by  hand,  or  a  reclaim- 
ing  bucket  may  be  used. 

A  monorail  system  of  storing  and  reclaiming  eoal  as  itsed  by  iht 
American  Spiral  Pipe  Works  of  Chicago  is  shown  in  Fig,  63.  A  steel 
structure  supports  a  single  rail  upon  which  operates  the  support  for 
a  movable  clam-shell  bucket.  The  coal  is  both  storr^l  and  rr  '  ^t.  - 
with  the  same  device,  but  the  capacity  is  limited  by  the  fixed  position 
of  the  monorail,  and  the  coal  piled  with  this  device  forms  a  conical  pile 
with  the  resultant  segregation  of  sizes  and  increased  liability  to  spon- 
taneous combustion. 
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Pio.  80.    Vixw  OF  Ck)AL  Storage  Plant  op  the  Erie  Bailroad,  Buffalo,  New 
York,  Shoi^inq  Ck)NyEY0R  No.  2  and  Stacker  Deuverinq  to  Conyetor  No.  3 


Pio.  61.    View  of  Coal  Storage  Plant  op  the  Erie  Railroad,  Buffalo,  New 
York,  Showing  Loader  at  End  of  Conveyor  No.  2 
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Fig.  63.    Monorail  System  for  Storing  and  Reclaiming  Coal 
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A  similar  bucket  storage  system  has  been  built  by  the  Lidgerwood 
Manufacturing  Company,  for  the  Galveston  Coal  Company,  for  un- 
loading coal  from  steamers  and  conveying  the  coal  to  a  storage  pile. 
From  the  storage  pile  the  coal  is  reclaimed  and  loaded  into  barges  and 
railroad  cars.  The  system  consists  of  a  self-filling  bucket  of  the  grab 
type  which  is  moved  along  a  fixed  overhead  track  by  means  of  rope 
haulage.  The  capacity  of  the  Galveston  installation  is  about  700  tons 
per  day. 


35.  Cableway  System. — The  cableway  system  for  storing  and 
reclaiming  coal  consists  of  a  hoisting  and  a  conveying  device,  the  latter 
operating  over  a  single  span  cable  supported  by  a  tower  at  each  end. 
The  load  may  be  taken  from  any  point,  conveyed  in  either  direction, 
and  deposited  wherever  desired  along  the  line  of  the  cableway. 

The  cableways  are  built  in  various  types  to  meet  different  require- 
ments, (a)  with  both  towers  fixed,  as  is  Fig.  64;  (b)  with  both  towers 


Pio.  64.     Cableway  System  for  Handunq  Coal  —  Both  End  Towers  Fixed 
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Pio.  65.    Cableway  System  for  Handling  Coal  —  Both  End  Towers  Movable 
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Fio.  66. 


Cableway   System    for   Handling   Coal  —  One   End   Tower  Fixed, 
THE  Other  Movable 


traveling  on  parallel  tracks,  as  in  Fig.  65;  (c)  with  one  tower  fixed 
the  other  traveling  on  a  circular  track  about  it  as  in  Fig.  66. 

36.  Automatic  Dvmp  Car  Storage. — The  coal  storage  plant  of 
the  Karm  Terminal  Company  at  Bridgeport,  Connecticut,  installed  by 
the  Bergen  Point  Iron  Works  of  Bayonne,  New  Jersey,  is  shown  in 
Fig.  67.  The  coal  is  unloaded  from  barges  by  cranes  as  shown  and 
dumped  into  automatically  dumping  electric  cars  which  discharge 
either  into  a  storage  pile,  into  railroad  cars,  or  into  a  coal  pocket. 
Coal  is  reclaimed  from  the  storage  pile  by  another  set  of  electric  cars 
running  through  tunnels  underneath  the  pile.  -  These  cars  either  take 
the  coal  to  a  loading  pocket  for  loading  automobile  trucks  or  dump  the 
coal  into  railroad  cars,  about  twenty  of  which  can  stand  underneath 
railroad  viaducts.  These  railroad  cars  can  all  be  loaded  without  bein? 
moved,  as  the  small  ear  can  be  made  to  dump  automatically  at  any 
point. 

37.  Cristobal  arid  Balboa  Coaling.  Stations, — The  coaling  stations 
located  at  Cristobal  and  Balboa  at  the  two  ends  of  the  Panama  Canal 
are  shown  in  Figs.  68  and  69.  Those  were  built  by  the  Bergen  Point 
Iron  Works  of  Bayonne,  New  Jersey,  and  represent  advanced  practice 
for  the  handling  of  coal.  The  combined  storage  capacity  of  the  two 
is  700  000  tons.     At  Cristobal  Station  1200  tons  per  hour  can  be 


Digitized  by  VjOOQ  IC 


g 

u 


2 

5 


^9 
5 
•J 

3 


1 


I 


Digitized  by  VjOOQ  IC 


-1  .         *  . 


Digitized  by  VjOOQ  IC 


Digitized  by  VjOOQ  IC 


o 

2 

< 

8 

< 
O 
oa 

< 


S 

d 


Digitized  by  LaOOQ  [C 


BITUMINOUS  COAL  STORAOK  PRACTICE  127 

unloaded  and  24fK)  tons  [)er  hour  n»loadod.  The  storatje  plant  includes 
both  underwater  and  dry  storage.  The  general  layout  of  the  plant  is 
shown  in  the  photographs ;  a  number  of  articles  descriptive  of  the  de- 
tailed construction  have  been  published.* 

For  the  unloading  and  stocking,  coal  is  taken  from  colliers  or 
barges  by  nnloaders  equipped  with  214-ton  buckets  which  have  a  rated 
capacity  of  250  tons  per  hour.  The  coal  is  taken  from  the  un-loaders 
to  the  dumping  point  by  cars.  It  is  reclaimed  from  storage  by  re- 
claiming bridges,  each  of  which  is  equipped  with  a  5-ton  bucket,  having 
a  rated  capacity  of  500  tons  per  hour.  The  total  handling  capacity  at 
Balboa  is  only  half  that  at  Cristobal. 

38.  Suction  Conveyor, — An  application  to  coal  storage  purposes 
of  the  suction  conveyor  for  handling  coal  and  ashes  at  a  power  plant 
as  used  by  the  Pierce- Arrow  Motor  Car  Company  at  Buffalo,  New 
York,  is  shown  in  Fig.  70.  Coal  is  taken  from  a  track  hopper  by  suc- 
tion to  a  100-ton  coal  tank  from  which  it  is  delivered  by  motor-drivcii 
cars  to  the  bunkers  above  the  boilers.  As  is  shown  in  Pig.  70  a  reserve 
storage  of  3000  tons  is  provided  at  one  end  of  the  plant  by  continuing 
the  track  and  delivering  coal  from  the  coal  tank  in  the  motor  driven 
cars  to  a  storage  pile  instead  of  to  the  bunkers.  Coal  from  the  storage 
pile  is  reclaimed  by  permitting  it  to  run  into  an  underground  reclaim- 
ing duct  from  which  it  is  sucked  into  the  100-ton  coal  tank.  At  this 
plant  bituminous  screenings  are  used. 

39.  Mine  Storage, — ^At  Aldrich,  Alabama,  the  Montevallo  Mining 
Company  operates  a  longwall  mine  with  convict  labor.  In  order  thai 
the  mine  might  be  operated  six  days  a  week  with  a  variable  supply  of 

*  "Comling  and  Supply  Depots  at   Panama."     Black  Diamond,   Vol.  49,   No.   25.   p.   jo. 
Dec.  21,  1912. 

"Coaling  Planta  at  Panama  Canal."     Coal  Age,   Vol.  3.  p.   481.   19in. 

"Panama    CanaVs    Big    Coaling    Station."      Coal    Trade    Bulletin,    Vol.    XXXV,    p.    31. 
Oct.  2,  1918. 

"Coaling  at  the  Panama  Canal — Cristobal,"  by  P.  J.  Warden  Stevens.  Colliery  Guardian, 
Vol.  CXI  I,  p.  745,  Oct.  20,  1916. 

"Coal  at  the  Panama  Canal — Balboa,"  by  P.  J.  WardenStevenR.  Colliery  Guardian.  Vol. 
CXII,  p.  789,  Oct.  20,  1916. 

"Panama  Canal  Coaling  Planta."     Coal  Trade  Bulletin.  Vol.  XXXVI,  p.  43,  Apr.  2,  1917. 

"Unde  Sam's  Great  Storage  Docks."  (Panama).  Toal  Trade  Bulletin.  Vol.  39,  pp.  37  ax, 
0«t.  15.  191 «. 
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FlO.  70. 


Suction  Conveyor  Coal  Storage  Plant  of  the  Pierce- Arrow 
Motor  Car  Company,  ButfaLo,  New  York 


railroad  cars,  a  storage  method  was  introduced.  The  general  aITang^ 
ment  is  shown  in  Fig.  71.  Railroad  cars  loaded  at  the  tipple  are  run  by 
gravity  several  hundred  feet  to  a  suitable  storage  ground  where  the 
coal  is  shoveled  out  of  the  cars  by  hand  labor  or  drawn  from  the  bottom 
with  hopper-bottom  cars.  When  as  much  coal  as  possible  has  been 
stored  in  this  way  a  wall  is  built  of  the  larger  lumps  carefully  piled 
along  the  railroad  tracks.  Planks  placed  on  top  of  these  walls  and  on 
top  of  the  gondolas  furnish  a  runway  for  the  wheelbarrows  which  are 
loaded  from  the  cars  and  dumped  at  the  edge  of  the  pile.  The  total 
capacity  is  about  20  000  tons  and  the  cost  of  unloading  approximately 
eleven  cents  per  ton.  The  coal  is  reclaimed  into  one-ton  mine  cars 
running  on  a  track  at  the  foot  of  the  storage  pile  as  shown.  These 
cars  are  pulled  by  a  gasoline  locomotive  and  hoisted  tliree  at  a  time  up 
an  incline  into  a  revolving  dump  where  the  trip  of  three  is  emptlM 
without  uncoupling.    The  cost  of  reclaiming  is  ten  cents  per  toil. 

These  costs  will  probably  be  decreased  by  the  use  of  another  rotary 
dump  instead  of  so  much  hand-labor  and  if  side-hill  storage  were  iisr<I 
the  cost  of  loading  into  the  one-ton  cars  could  be  saved. 

A  belt  conveyor  has  been  built  at  Pairpoint,  Ohio,  by  the  Roberts 
and  Schaefer  Company  of  Chicago  for  the  Clarkson  Coal  Mining  Com- 
pany of  Cleveland,  Ohio.    This  belt  conveyor  is  supported  on  a  trestle 
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Fig.  71.    Storage  System  Used  bt  the  Montevallo  Mining  GoiiPANT, 
Aldbioh,  Alabama 


Fig.  72.    Underwater  Coal  Storage  Plant  or  the  Standard  Oil  Company, 
Whiting,  Indiana  (100  000  Tons  Capacity) 
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for  storing  the  slaek,  which  is  taken  from  beneath  the  screens,  and  by 
means  of  a  tripper  is  dumped  on  the  ground  beneath  the  trestle.  The 
coal  is  reclaimed  with  a  locomotive  crane.  The  plant  has  a  capacity 
of  40  000  tons  and  300  tons  per  hour  can  be  handled.  Lump,  three- 
quarter,  mine-run,  and  slack  can  be  stored.  The  plant  is  intended 
for  storage  purposes  when  the  car  supply  is  low  so  that  a  full  day  can 
be  run  at  the  mine. 

40.     Underwater  Storage. — 

Duquesne  light  Oompany  Storage  Plant 

The  Duquesne  Light  Company,  Pittsburgh,  Pennsylvania,  com- 
pleted during  the  fall  of  1917  a  large  reinforced  concrete  storage  basin 
at  the  Brunot  Island  power  plant.* 

The  storage  basin  which  is  adjacent  to  the  power  plant,  and  be- 
tween it  and  the  main  channel  of  the  Ohio  River,  is  791  feet  long,  153 
feet  wide,  and  25  feet,  6  inches  deep,  the  side  and  end  walls  sloping  at 
an  angle  of  45  degrees.  The  basin  has  a  capacity  of  100  000  tons  of 
submerged  coal  and  150  000  tons  with  the  coal  piled  above  the  water- 
line.  The  side  and  end  walls  of  the  basin  taper  frojn  18  inches  at  the 
bottom  to  8  inches  at  the  top. 

As  the  bottom  of  the  basin  is  below  the  normal  river  level,  special 
provision  had  to  be  made  for  the  lifting  pressure  that  would  be  exerted 
on  the  bottom  of  the  basin  at  high  water  stages,  the  soil  being  coarse 
gravel  and  very  porous.  The  bottom  which  is  18  inches  thick  is^made 
of  30  main  reinforced  concrete  slabs  each  51  feet  square.  These  slabs 
rest  on  reinforced  concrete  curbs  the  bases  of  which  are  4  feet  square 
and  12  inches  thick;  the  bridge  extending  up  from  the  base  is  15^ 
inches  high  and  6  inches  wide.  These  curbs,  besides  supporting  the 
bottom,  also  allow  for  expansion  and  contraction  of  the  concrete  slabs. 
All  joints  are  filled  with  pitch.  The  plant  condenser-water  discharge 
duct  which  is  constructed  of  concrete  divides  the  basin  into  two  sec- 
tions. The  fact  that  the  top  of  the  duct  is  7^  feet  above  the  concrete 
bottom  permitted  one-half  of  the  basin  to  be  used  while  the  other  half 
was  being  constructed. 

Water  for  flooding  the  basin  is  admitted  through  12-inch  filliup: 
holes  and  is  supplied  by  one  of  the  plant  condenser  circulating  pumps, 
equipped   with   a   discharge   pipe   for   this   purpose.     Four   18-inoh 


Power,   page  651,  Nov.   13,   1917. 
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independent  drain  pipes  which  extend  to  the  river  are  each  equipped 
with  a  gate  and  a  check  valve,  and  with  a  by-pass  around  the  latter. 
The  basin  can  be  drained  by  opening  the  gate  valves.  This  arrange- 
ment permits  the  automatic  flooding  of  the  coal  basin  with  river  water 
to  relieve  the  upward  pressure  on  the  concrete  bottom.  Should  the 
river  rise  much  above  normal,  water  will  flow  into  the  basin  to  a  hei^t 
corresponding  to  that  of  the  river.  When  the  river  subsides  the  water 
may  be  drained  from  the  basin  if  desired.  At  the  present  time  no 
figures  with  respect  to  the  operating  cost  of  the  storage  basin  are  avail- 
able. 

Underwater  Pit  of  the  Standard  Oil  Company, 
Wbiting,  Indiana* 

Figs.  72  and  73  show  an  underwater  storage  pit  built  by  the 
Great  Lakes  Dredge  and  Dock  Company  of  Chicago,  Illinois,  for  the 
Standard  Oil  Company  about  two  miles  south  of  the  shore  of  Lake 
Michigan  at  Whiting,  Indiana.  This  storage  pit  has  a  capacity  of 
100  000  tons. 

The  storage  basin  consists  of  a  pit  1000  feet  long,  202  feet  wide, 
and  28%  feet  deep  below  yard  rail  level  and  24^^  feet  deep  below 
ground  water  level.  The  pit  is  enclosed  by  a  heavy  wooden  sheet-pile 
dock  construction  below  water  level,  capped  with  concrete  above  water 
level.  There  are  four  lines  of  standard  gauge  railroad  track  trestle 
running  longitudinally  through  the  pit  and  four  lines  on  each  side 
of  the  pit. 

The  pit  was  excavated  with  a  15-inch  hydraulic  suction  dredge, 
which  was  hauled  overland  a  mile  and  a  half  to  the  site;  advantage 
was  taken  of  the  marshy  conditions  to  excavate  a  sufficiently  large  area 
in  which  to  float  the  dredge.  The  excavated  material  was  discharged 
through  pipes  at  a  point  1000  feet  away  from  the  pit  and  the  run-off 
water  carried  back  to  the  pit  through  trenches ;  thus  a  sufficient  supply 
of  water  was  insured  to  keep  the  dredge  afloat.  Wakefield  sheet-piling 
and  dock-piling  were  then  driven  by  means  of  two  floating  pile  drivers, 
built  on  the  site,  and  the  concrete  mass  surrounding  the  pit  at  the 
water  line  was  placed,  special  concrete  mixers  being  mounted  on  rail- 
road flat  cars.  The  bottom  of  the  pit  was  leveled  oflf  with  the  hydraulic 
dredge  by  means  of  a  special  mouth-piece,  so  that  no  point  was  more 
than  six  inches  above  or  below  grade.    After  the  dredge  had  leveled  off 


*  See  also  Circular  No.  6,  p.  103. 
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tho  bottom,  a  drag  was  used  consisting  of  a  heavy  horizontal  12  feet  by 
1  foot  timber  fastened  to  a  pile  driver. 

The  concrete  floor,  one  foot  in  thickness  was  placed  in  about  25 
feet  of  water  over  the  entire  floor  area  of  1000  feet  by  202  feet,  hy 
means  of  a  special  tremie  device,  patented  by  the  Great  Lakes  Dredge 
and  Dock  Company.  By  using  this  device,  it  was  possible  to  place  the 
concrete  under  pressure  and  to  spread  it  uniformly  over  the  bottom,  so 
that  no  point  was  more  than  three  inches  off  grade. 

The  following  advantages  are  claimed  for  this  form  of  pit  con- 
struction : 

1.  Lower  cost  than  for  all  concrete  or  wood-and-concrete 
construction. 

2.  Lower  cost  of  unloading  coal  by  dumping  from 
trestles  and  from  tracks  along  the  sides  of  the  pit  than  by 
using  grab-buckets  operated  by  a  bridge  or  crane.  The  bulk 
of  the  unloading  cost  consists  in  dumping  the  cars  (either  bot- 
tom or  side  dump)  from  the  trestles  or  from  the  side  of  the 
pit,  leaving  a  very  small  portion  to  be  unloaded  with  yard 
cranes. 

This  method  permits  the  use  of  different  sizes  of  locomotive  cranes 
where  they  are  available  around  any  plant. 

By  means  of  the  four  tracks  running  through  the  pit  and  those 
on  each  side,  six  trains,  of  at  least  twenty  50-ton  coal  cars  can  be  un- 
loaded or  loaded  simultaneously. 

The  four  tracks  in  the  pit  and  those  along  each  side  give  a  track- 
age length  of  practically  two  miles  for  rail  storage  purposes ;  in  other 
words,  little  ground  space  is  lost  by  installing  one  of  these  pits  in  this 
manner.  In  fact,  any  switch  yard  can  have  an  underwater  coal  stor- 
age pit  without  the  acquisition  of  more  land. 
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APPENDIX    I. 

Questionnaire  A 

1.  What  kind  of  coal  was  stored  f   

2.  What  size  of  coal  was  storedf  

3.  Was  all  of  the  coal  stored  of  same  size  and  kind  ?   

4.  What  amount  of  coal  was  storedf   

5.  State  from  what  mining  distriet  and  if  possible  from 

what  mine  the  coal  came : 

6.  Size  of  pile:  Depth ;  Length ;  Breadth . 

7.  Describe  the  method  of  unloading  and  storing : 


8.  Was  coal  unloaded,  by  crane,  drop  bottom  car,  hand?. 

9.  What  trouble  have  you  had  from  fires 

in  your  coal  pile?   

10.  How  much  of  the  coal  was  destroyed  by  firef   

11.  What  in  your  opinion  was  the  cause 

of   the  firef   


What  evidence  have  you  upon  which 
to  base  this  opinionf  


13.  How  long  had  the  coal  been  in  storage  when 

the  fire  was  observedf  

14.  Was  the  coal  actually  ablaze  or  only  smoking  ?  

15.  Was  the  temperature  takenf What  was  itf 

16.  V^ere  in  the  pile  did  the  fire  startf  

17.  How  was  the  fire  controlled  or  extinguished  f 

18.  Was  any  attempt  made  to  ventilate  the  pile;  if  so,  howf 

19.  Was  there  any  damage  to  adjacent  structures  f 

20.  Information  furnished  by : 


Gcueral  Remarks: 


(Ollirial  tit  I'.'  aiiil  (\Mn|iuiiy) 
(Address) 


Please  use  reverse  side  of  this  sheet  for  any  general  remarks 
and  suggestions. 

Questionnaire  B 
Please  answer  the  following  questions  and  mail  your  answers  direct  and  as 
soon  as  possible  to  Professor  H.  H.  Stock,  Department  of  Mining  Engineering, 
University  of  Illinois,  Urbana,  Illinois. 
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1.  What  kind  of  coal  was  storedf  

2.  What  size  of  coal  was  storedf  

3.  What  amount  of  coal  was  stored?  

4.  State  from  what  mining  district  and 

if  possible  from  what  mine  the  coal  came : 

5.  The  size  of  pile:  Depth ;  Length ;  Breadth. 

6.  Describe  the  method  of  storing : 


7.  Have  you  had  any  difficulty 

from  fires  in  your  coal  pilef   

8.  How  muchy  if  any,  of  the  coal 

was  destroyed  by  this  firet 

9.  What  in  your  opinion  was  the  cause  of  the  fire? 


10.  What  evidence  have  you  upon 

which  to  base  this  opinion?    

11.  How  long  had  the  coal  been  in  storage 

when  the  fire  was  observed?   

12.  Was  the  coal  actually  ablaze  or  only  smoking? 

13.  Where  in  the  pile  did  the  fire  start? 

14.  How  was  the  fire  controlled  or  extinguished  ? 

15.  Was  any  attempt  made  to  ventilate  the  pile;  if  so,  how? 

16.  Was  there  any  damage  to  adjacent  structures? 


Information  furnished  by: 

(Company) 
(Address) 

(City  and  State) 
For  general  remarks  use  back  of  this  sheet. 

Data  Sheet 


Date. 

Name  and  address  : 

Party    interviewed : 

Size  and  kind  of  coal: 

Mine  or  district : 

Name  op  shipper: 

is  coal  correct  size?  

Amount  of  sulphur  : 

Method  op   piling  : 

Tonnage  and  dimensions  of  pile: 

How   LONG  in   storage?    
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Ventilatkd: 

Where  did  fibb  STABTf  . . . 

Was  water  used?   

Picture: 

How    WAS    ITRB    HANDLED? 

Probable  cause  of  fibe  : . . 
BKMARKS: 
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APPENDIX    II 

Rad^way  Administration  Storage  Circular 

The  following  circular  of  instructions  for  the  storage  of  coal  was 
sent  by  the  government  to  all  railroads  in  the  United  States.  It  ia, 
undoubtedly,  the  most  comprehensive  effort  to  safeguard  and  stimu- 
late the  storage  of  coal  ever  made  in  an  industry. 

The  Storage  of  Goal 
To  Operating  Officers  in  Charge  of  Coal  Storage  : 

The  standing  committee  ou  the  storage  of  coal,  appointed  by  the  Interna- 
tional Railway  Fuel  Association,  has  made  a  number  of  recommendations  which 
are  contained  in  the  transactions  of  the  association  for  the  year  1909  to  1917, 
inclusive. 

An  exhaustive  study  of  the. storage  of  bittuninous  coal  was  also  made  hj 
H.  H.  Stoek,  professor  of  mining  engineering  of  the  University  of  lUinois,  Ur 
bana,  lU.,  and  published  March  4,  1918,  in  Circular  No.  6  of  the  Engineering  Ex- 
periment Station  of  that  university. 

A  further  circular  covering  additional  features  in  the  storage  of  bitumiiiotn 
coal  wiU  be  published  and  ready  for  general  distribution  within  a  few  months.  In 
the  meantime  Professor  Stock  is  preparing  a  paper  on  the  storage  of  bituminous 
coal  to  be  read  at  the  eleventh  annual  meeting  of  the  International  Bailway  Fuel 
Association  convening  in  Chicago  in  May  next. 

From  this  information,  and  that  which  has  been  furnished  by  the  TJnitc^l 
States  Bailroad  Administration,  certain  suggestions  have  been  gathered  covering 
the  proper  method  of  storing  railroad  coal  which,  if  applied,  will  assist  in  keep- 
ing the  cost  of  storage  to  the  minimum,  and  will  result  in  greatly  reducing  or 
entirely  eliminating  the  hazard  caused  by  spontaneous  combustion. 

From  necessity  no  general  rule  can  be  made  which  will  fit  the  various  coals 
stored  in  the  difFeront  sections  of  the  country,  and  railroad  officials  in  eliargc  of 
this  work  will  be  compeUed  to  exercise  a  reasonable  measure  of  discretion  in 
carrying  out  any  recommendations  of  a  general  character  that  may  be  made. 

Why  Bailroads  and  Other  Oonsumers  Should  Store  Coal 

1.  To  insure  an  ample  supply  for  locomotives  and  miscellaneous  steam  pur- 
poses during  period  of  reduced  delivery  occasioned  by  cessation  of  water-bom^ 
traffic,  mine  strikes,  extremely  rigorous  winter  weather,  periods  of  serious  car 
shortages,  etc. 

2.  So  that  a  partial  equalization  of  the  coal-car  supply  may  be  made.  The 
excess  demand  for  railroad  and  commercial  coal  during  the  fall  and  winter  sea 
son,  accentuated  by  a  decreased  daily  car  mileage,  invariably  leads  to  a  ear 
shortage  during  that  period,  with  a  resulting  surplus  during  the  summer  season, 
when  coal  is  ordinarily  stored. 
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3.  The  cost  of  transporting  railroad  coal  during  the  summer  season  is  estim- 
ated as  not  exceeding  60  to  65  per  cent  of  the  cost  of  such  movement  during  tin* 
period  of  extreme  winter  weather,  during  which  time  if  the'  carrier  is  relieved,  if 
only  in  part,  of  the  transportation  of  railroad  coal,  the  locomotives,  cars,  and  coal 
thus  made  available  can  be  diverted  to  commercial  consumers,  with  resulting  re- 
venue advantage. 

How  to  Store  Goal 

The  actual  work  incident  to  the  storage  of  railroad  coal  should  only  be  under- 
taken after  a  study  of  the  subject  has  been  made  by  some  responsible  official,  who 
should,  after  conferring  with  the  proper  representatives  in  charge  of  purchase, 
transportation,  and  maintenance,  formulate  such  definite  plans  as  will  insure  tho 
full  eo-ordination  of  every  man  responsible  for  any  portion  of  the  work  to  be 
done;  to  this  end  the  following  points  should  be  given  careful  consideration: 

(a)  Determine  the  amount  of  coal  which  should  be  stored,  beginning  May  1, 
ending  August  31,  except  in  the  case  of  water-borne  coal,  where  the  storage  period 
will  be  governed  by  the  navigation  season.  The  rate  of  storage  daily  anti  weekly 
should  be  prescribed  in  order  to  prevent  an  under  or  over  supply  at  the  storage 
station.  Storage  points  remote  from  the  source  of  supply  should  be  given  pre- 
ference. 

(&)  As  far  as  possible,  avoid  purchasing  coal  for  storage  that  bears  the  re- 
putation of  firing  when  stored. 

(c)  Store  screened  lump  coal  where  such  is  obtainable,  4-inch  or  6-inch  lump 
preferably,  the  portion  passing  through  the  4-inch  or  6-inch  screen  openings  to 
be  used  for  current  consumption  during  the  storage  period.  Coal  placed  in  in- 
dividual storage  piles  should  come  from  as  few  mines  as  possible.  In  no  case  mix 
coal  from  different  districts  or  from  different  seams  located  within  the  same 
district. 

(d)  Before  undertaking  storage  select  a  suitable  location  as  near  as  possible 
to  the  point  of  consumption,  avoiding  hillsides,  rough  ground,  and  soft,  wet,  boggy 
ground  in  particular.  The  storage  location  should  be  thoroughly  cleaned  of  all 
refuse  matter,  giving  particular  attention  to  the  removal  of  vegetation,  wood, 
discarded  waste,  old  clothes,  or  other  similar  combustible  matter  which  would 
assist  in  starting  stock-pile  fires  or  would  depreciate  the  value  of  the  coal  when 
loaded  out.  Do  not  pile  above  a  steam  pipe,  over  a  sewer  trap,  or  against  a  hot 
wall.  Positive  provision  should  be  made  for  draining  the  ground  so  that  water 
may  not  accumulate  under  the  pile. 

(e)  It  is  now  well  established  that  coal  fires  spontaneously  by  the  oxidation 
of  the  fine  particles,  which  present  the  maximum  surface  for  the  air  to  act  upon, 
well-screened  coal  carefully  piled  seldom  firing,  for  the  reason  that  a  minimum 
surface  is  subjected  to  oxidation,  the  openings  betweon  the  lumps  admitting  of 
any  heat  engendered  passing  off.  Fires  usually  start  in  piles  whore  the  coal  is 
more  or  less  separated  in  coarse  and  fine  strata,  the  air  entering  through  the 
coarser  strata  acting  on  the  finer  portion,  which  is  too  dense  to  admit  of  the  heat 
created  passing  off  with  sufiicient  rapidity  to  prevent  firing.  Fine  coal  should  be 
invariably  stored  by  itself  and  in  such  a  way  as  to  exclude  as  far  as  possible  the 
air  from  entering  the  pile. 
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Slack  coal  has  been  stored  successfully  to  a  height  of  8  or  10  feet  by  packing 
it  as  hard  as  possible,  covering  the  surface  with  the  finer  portion  in  such  manner 
as  to  as  nearly  as  possible  exclude  air  and  water. 

Water  entering  the  bottom  of  a  storage  pile  is  exceedingly  dangerous  from  a 
firing  standpoint. 

Method  of  Unloading 

(1)  No  plan  covering  the  unloading  of  storage  coal  should  be  put  into  effect 
without  due  consideration  to  the  work  of  reloading  same,  bearing  in  mind  that 
in  the  event  of  spontaneous  combustion  the  portion  firing  must  be  ronoved 
quickly. 

Where  locomotive  cranes  with  clam-shell  buckets  are  available,  two  parallel 
tracks,  located  at  from  16  to  20  feet  centers,  should  be  laid  down  on  high  levd 
ground  cleared  of  all  refuse  and  combustible  matter.  The  loaded  cars  are  placed 
on  one  track  and  unloaded  by  a  crane  operating  on  the  parallel  track,  the  coal 
being  placed  in  a  pile  alongside  the  crane.  The  position  of  the  cars  and  crane  is 
reversed  with  the  completion  of  the  first  pile.  The  width  of  the  pile  depends  on 
the  radius  of  the  boom  travel,  and  its  maximum  height  is  determined  by  the  width 
of  the  base  and  the  flow  line  of  the  coal,  not  exceeding,  however,  a  total  of  20 
feet.  The  height  should  be  decreased  in  the  case  of  coals  that  have  been  known 
to  fire  easily.  The  tracks  should  remain  in  position  for  the  quick  removal  of  coal 
that  may  become  overheated  and  for  the  subsequent  reloading  of  the  coal  stored. 

(2)  Extensive  investigation  has  shown  that  many  fires  have  occurred  in  stor- 
age piles  where  a  separation  of  the  coarse  and  fine  coal  was  made,  by  dumping 
the  coal  as  unloaded,  on  the  same  spot,  or  along  the  center  line  of  the  pile,  the 
coarse  coal  rolling  down  to  the  side,  the  fine  coal  accumulating  at  the  center  or 
axis  of  the  pile;  the  air  entering  the  pile  through  the  coarser  portion  and  acting 
on  the  centrally  located  mass  of  fine  coal  producing  heat,  which,  on  account  of  an 
insufiicient  air  circulation,  is  not  carried  off  with  sufficient  rapidity  to  prevent  high 
temperatures  and  spontaneous  combustion.  This  hazard  will  be  very  materially 
lessened  if  the  clam-shell  is  lowered  to  a  point  just  above  the  surface  of  the  pile 
before  the  contents  are  dumped.  A  layer  of  coal  2  feet  in  height  should  be  laid 
down  to  the  full  width  of  the  base  of  the  pile  and  over  the  entire  length  of  same, 
the  second  and  Succeeding  layers,  each  2  feet  in  thickness,  to  be  laid  down  in  like 


Fig.  74.    Method  of  Building  Pyramidal  Pile  in 'Layers* 

~^     *  Level  of  Btorage  pile  raited  two  feet  at  a  time  the  full  length  of  pile,  by  lowering  the 
clam-shell  to  a  point  just  above  the  surface  of  the  pile  before  discharging  contents.  • 
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manner.  This  method  of  unloading  will  eliminate  the  accumulation  of  broken  fine 
particles  in  the  center  of  the  pile,  and  in  addition,  give  the  coal  a  limited  op- 
portunity to  season  before  being  covered  up  bj  the  succeeding  layer.  A  sketch 
showing  a  cross  section  of  a  pile  so  laid  down  is  shown  herewith. 

(3)  Where  locomotive  cranes  are  not  available,  coal  from  necessity  is  fre- 
quently stored  by  unloading  self -clearing  cars  placed  on  a  track  on  the  top  of 
the  pUe,  the  track  raised  from  time  to  time  on  the  coal.  Thb  arrangement  has 
the  disadvantage  of  causing  an  accumulation  of  crushed  coal  in  the  center  of  the 
pile,  with  lumps  on  the  outside  as  referred  to  in  paragraph  (2).  Where  it  is 
necessary  to  employ  this  method  of  unloading  and  after  the  pile  is  completed, 
the  track  should  be  moved  from  the  top  of  the  pile  to  the  surface  level  and  parallel 
to  the  storage  pile,  thus  making  provision  for  the  quick  removal  of  any  portion 
that  may  fire  by  using  the  standard  railroad  non-revolving  steam  shovel,  the 
American  type  railroad  ditcher,  or  locomotive  crane,  for  reloading  the  coal  either 
in  case  of  emergency  heating  or  for  current  use.  Coal  so  stored  should  not  be 
piled  to  a  height  exceeding  12  to  15  feet,  and  the  reloading  tracks  should  be 
maintained  readily  accessible  for  prompt  use  in  event  of  spontaneous  firing,  and  the 
shovel,  crane,  or  ditcher  kept  readily  accessible  and  always  in  condition  to  be  used. 

Where  mechanical  means  are  employed  for  spreading  coal  so  unloaded,  a 
standard  railroad  ballast  spreader  is  preferable  to  the  track  tie  dragged  through 
the  coal  underneath  a  car  truck  as  conunonly  done. 

(4)  Trestle  storage  should  be  restricted  to  the  handling  of  coal  of  established 
reputation  for  safe-keeping.  The  fire  hazard  attendant  on  placing  storage  coal 
around  the  wooden  trestle,  plus  the  cost  of  construction  of  same,  and  the  difficulty 
of  handling,  makes  this  method  of  storage  inadvisable. 

(5)  Any  attempt  toward  the  storage  of  coal  will  prove,  at  best,  only  par- 
tially successful,  unless  some  one  responsible  individual  is  placed  in  charge  of  same 
with  full  authority  to  co-ordinate  the  various  branches  of  the  purchasing  and 
operating  departments.  A  thoroughly  competent  foreman  should  be  maintained 
at  every  storage  pile  to  oversee  the  storage,  to  inspect  the  billing  before  cars  are 
unloaded,  to  determine  the  source  of  supply  and  the  grade  of  coal  furnished,  and 
to  divert  to  current  consumption  cars  received  of  grade  or  kind  other  than  that 
preseribed. 

(6)  After  the  work  of  storage  is  completed  the  storage  piles  should  be  ade- 
quately policed  to  prevent  wholesale  loss  by  theft  and  to  insure  the  detection  of 
excessive  temperature.  It  is  generally  agreed  that  any  method  of  ventilating  stock 
piles  heretofore  employed  is  insufficient  to  safeguard  them.  Excessive  heating  is 
easily  detected  by  a  careful  examination  of  the  pile,  using  the  sense  of  smell ;  and 
in  addition  the  inspector  should  be  equipped  with  a  few  sharpened  steel  rods, 
which  should  be  driven  into  the  pile  at  frequent  intervals.  Any  excess  heat  gen- 
erated may  be  detected  by  feeling  the  rod  immediately  upon  its  removal.  If  a 
hot  spot  is  found  with  the  rods,  the  temperature  should  be  carefully  watched  with 
a  thermometer  placed  inside  a  pipe  driven  into  the  pile  at  the  hot  place. 

(7)  All  coal  stored  should  be  picked  up  and  consumed  under  an  established 
schedule  and  during  the  period  of  car  and  coal  shortage,  when  transportation  is 
most  expensive  and  the  facilities  of  the  carrier  are  in  maximum  demand. 

Eugene  McAuliffe, 
Manager  Fuel  Conservation  Section. 
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APPENDIX    III 
Space  Occupied  by  Coal 

The  questiou  is  frequently  asked:  **How  many  cubic  feet  are 
there  in  a  ton  of  coal,  or  how  many  tons  of  coal  will  a  railroad  car,  bin, 
etc.,  of  a  given  size  hold?*' 

Knowing  the  specific  gravity  of  any  coal,  the  weight  of  a  solid 
cubic  foot  can  be  readily  computed.  While  such  values  are  useful  in 
computing  the  tonnage  of  coal  in  the  ground,  they  are  not  useful  in 
determining  the  weight  per  cubic  foot  of  coal  broken  into  commercial 
sizes  to  be  used  for  fuel  or  for  storage.  The  weight  of  coal  in  com 
mercial  sizes  depends  upon  the  specific  gravity,  size,  and  condition  of 
the  coal,  and  the  extent  to  which  it  has  been  shaken  down  or  settled. 

The  following  is  a  summary  of  the  information  available,  compiled 
from  the  literature  on  the  subject  and  from  replies  to  a  questionnaire 
sent  to  about  seventy  manufacturers  of  coal  handling  machinery,  to 
engineers,  and  to  various  users  of  coal. 

A  tabulation  of  the  weight  of  177  samples  of  coal  from  many 
parts  of  the  United  States  will  be  found  in  Technical  Paper  No.  184 
of  the  United  States  Bureau  of  Mines.  These  tests  were  made  on 
domestic  sizes  of  coal  received  in  barrels.  The  coal  was  shoveled  loosely 
into  a  box  measuring  2  ft.  by  2  ft.  by  2  ft.  and  leveled  off  with  a 
straight  edge.  The  results  show  a  variation  in  bituminous  coal  from 
the  several  coal  districts  of  the  United  States  as  follows : 

Tahlk  18 

WkIGHT   of   BlTl'MINOUS   CoAL   IN   P0UND8    PER   CuBIC   FooT   BY    DISTRICTS 


Ueoion  '  Weight  in  Lb.  pkr  Cv.  Ft. 


Appalachian:  Pa.,  W.  Va.,  Md.,  Vu.,  Ohio,  Tenn.,  ,  43  to  57  5 

Ala.,  and  Eastern  Ky 1  aa  t^s  a^ 

Eaatern  Interior  Basin:  111..  Ind.,  and  Western  Ky  ,  J*  5  t^59 

Western  Interior  Basin 44  is  to  52.6 

Uocky  Mountain 

An  average  of  these  same  results  by  states  is  given  m  Table  19, 
but  for  exact  information  as  to  coal  from  any  particular  district  and 
of  any  particular  size,  reference  should  be  made  to  the  original  paper 
as  the  averages  given  include  a  variety  of  sizes. 
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Tahi.e  id 
Wkioht  <ir  BiTUMi.NouH  Coal  in  P(iund.s  i-ek  Cubic  Foot  wy  States* 


c.*^                                  Number  or 
^^^=                                    Samples 

.XVKRAOB   WbIOHT 

Per  Cubic  Foot 

ExTRKMK  Values 
Per  Cubic  Foot 

Alabama 5 

Arkansas 4 

Illinois 1                  14 

Indiana 9 

Iowa 2 

Kansas .• 2 

Kentucky i                   11 

Montana 2 

Ohio ■                    4 

Oklahoma t                   4 

Pennsylvania 1                  41 

Tennessee '                    9 

West  Virginia 9 

51.3 
53.3 
48.8 
46.1 
47.0 
52.8 
47.2 
52.3 
47.3 
48.5 
51.2 
57.3 
53.3 
48.9 

45.5-54  (f 
49.5-59.0 
45.0-55.5 
44.0-49.0 
46.5^7.5 
60.0-55.5 
43.0-54.5 
52.0-52.5 
46.0-49.0 
45.5-50.0 
46.6-65.0 
45.0-51.0 
41.0-57.5 

Wyoming 4 

45.5-52.5 

♦United  States  Bureau  of  Mines. 

The  conclusions  reached  by  the  author  of  the  paper  are : 

''A  study  of  the  foregoing  table  indicates  that  heavier  weights  may  be  ex- 
pected for  coals  of  high  fixed  carbon  content  than  for  those  of  low.  Increased 
ash  content  seems  to  lower  the  unit  weight.  It  is  also  true,  in  general,  that  the 
coals  high  in  moisture  are  lighter  than  those  low  in  moisture  and  the  younger  coals 
are  lighter  than  the  older  coals. 

"These  variables  combine  in  so  many  ways,  however,  that  it  is  difficult  to 
determine  from  the  data  available  anything  more  than  a  general  trend  and  con- 
sequently little  use  can  be  made  of  the  knowledge  of  a  change  of  one  or  more  of 
the  variables." 

The  change  in  weight  due  to  wetting  and  shaking  down  a  sample 
are  summarized  in  the  same  paper  as  follows : 

"1.  Of  two  samples  of  any  coal  that  are  composed  of  the  same  proportions 
of  pieces  of  different  sizes,  the  sample  having  the  higher  moisture  content  will 
usuaUy  weigh  the  more  per  cubic  foot. 

*'2.  A  sample  of  higher  moisture  content  wiU  usuaUy  occupy  more  space  for 
the  same  number  of  pounds  of  (dry)  coal  than  will  a  sample  of  lower  moisture 
content.  However,  the  increase  in  volume  for  the  wet  eoal  is  not  as  great  pro- 
portionately as  is  the  increase  in  weight  per  cubic  foot. 

"3.  Coal  shoveled  loosely  into  a  container  will  settle  appreciably  if  the  con- 
tainer is  shaken,  and  the  weight  per  cubic  foot  will  be  correspondingly  increased. 

"4.  Slack  eoal  composed  of  a  mixture  of  the  smaller  pieces  up  to  and  in- 
cluding nut  size  weighs  more  than  screened  nut  coal. 

"This  last  statement  coincides  with  the  conclusions  drawn  from  experiments 
with  concrete  mixtures,  which  have  shown  that  a  much  denser  mixture  can  be 
made  by  using  certain  proportions  of  various  sized  pieces.  Pieces  of  nearly  uni- 
form size  when  piled  leave  about  45  per  cent  of  voids.     If  these  spaces  are  filled 
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with  still  finer  coal  of  uniform  size  the  weight  of  the  mass  is  increased  and  tlie 
interstices  in  the  finer  coal  can  again  be  filled  with  still  finer  pieces,  resulting  finally 
in  a  dense  mass.  It  is  evident,  therefore,  that  the  relative  proportions  of  fine  and 
coarse  material  have  a  considerable  influence  on  the  weight  per  cubic  foot  of  the 


Table  20  contains  the  results  of  a  questionnaire  which  was  sent 
to  a  number  of  coal  handling  machinery  manufacturers,  engineers,  and 
coal  users  for  the  purpose  of  obtaining  current  practice  upon  the  sub- 
ject. It  must  be  remembered  in  this  connection,  however,  that  these 
figures  do  not  represent  generally  figures  based  upon  tests  of  actual 
conditions  but  rather  upon  current  practice,  allowing  an  ample  factor 
of  safety,  as  most  manufacturers  desire  to  give  the  customer  ample 
capacity  so  that  they  may  be  on  the  safe  side  in  calculating  tonnage 
or  space. 

Table  20 
Weight  per  Cubic  Foot  of  Coal  as  Given  by  Manufacturebs 


Company 

Kind  and 
Sise  of  Coal 

Cu.  Ft. 
per  Ton* 

Wt.  per 
Cu.  Ft. 
inLbe. 

Angle  of 

Repose  in 

Degrees 

Rbmaru 

37 

Mine  car  design. 

Hyatt  Roller  Bearing  Co . . . 

Bituminous. 

62H 

«* 

Sanford  Dav  Iron  Workfi.  -  r 

Bituminous 
Mine-run. 

40 

.. 

Hockensmith  Wheel  A, 

Bituminous 
Mine-run. 

50 

w 

Mine  Car  Co. 

Atlaa  Car  A  Mfg.  Co 

Bituminous 
Mine-run. 
Anthracite. 

40 

40-45 
30-33 

** 

Cherrv  Tree  Mach.  Co 

37H 

.. 

Lakewood  Engineering  Co . . 

Loose 
Bituminous. 
Anthracite. 

50 
64-66 

30 
30 

Mine   and   industrial  etr 
dedgn. 

Helmick,  F.,  Mach.  Co 

42 

\aried 
with  coal 

Gross  ton     Mine  car  de- 

sign. 

Jeffrey  Mfg.  Co 

Pocahontas. 
Pittaburgh 
Bituminous. 
Ind.  and  lU. 
Anthracite. 
Bituminous. 
Anthracite. 

40 

50 

36-37H 

40 
40 
30 
40 
37H 

Practice  in  buiMiog  chutes. 
Open  piles. 

Roberts  A  Schaefer  Co  . . . 

Bituminous 
Mine-run. 
Anthracite. 

Lignite. 
Bituminous. 

50 

67 
45 

30-36 
36-40 

Western  Wheeled  Scraper 
Co 

Bituminous 
Slack. 

45 

46 

Ton  of  2240  lb. 

*2000  pounds. 
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ColfPANT 

Kind  and 
Sise  of  Coal 

Cu.  Ft 
per  Ton 

Wt.  pei 

,  Cu.  Ft. 

in  Lbs. 

Anglo  of 
Repose  in 
Degrees 

RxUABKn 

Robma  Conveying  Belt  Co . 

lHm.-Hin. 
Nut. 

38H 
35M 

52 
56 

Loose. 

Wa|1  shaken  down 

Wood  Equipment  Co 

Mine-run  to 

Lump. 
Large  Lump 
Wet  mine-rur 

35-45 
65 
30 

UnHed  Iron  Works  Co 

48 

1>4-I 

f^ansfls  Mine-run 

RuCVTUB  Co 

40>^ 

50 

13^  cu.  yd.  per  ton  exca- 
vating machinery 

40 

45 

MardonaM  Encinf>ering  Co. 

45 

45 
40 

38 
45 

Practice. 

Avemff<*  as  notpd. 

Brown  Hoisting  Mach.  Co. . 

Bituminous. 
Anthracite. 

40 
35 

IH  hor. 
to  1  ver. 

Welhnan-Seaver-Morgan 

Bituminous. 

Bituminoua 

Mine-run. 

40 

Co ". 

43-45 

R.    H.    Beaumont   Co 

Bituminous. 

Bituminous 

Mine-run. 

Crushed 

Bituminous. 

40 

50 

Max.  Min. 
45    35 

45    35 
30    27 
50    40 

Anthracite. 
Coke. 

McMyler^Interstate  Co 

Bituminous. 

50 
56 

45 
-     30 

Anthracite. 

Webster  Mfg.  Co 

Bituminous. 
Anthracite. 

40 

35 
27 

Morrow  Mfg.  Co 

50 

Bin  design. 

Great    Lakes   Dredge   and 
Dock  Co 

40 

Dock  and  bin  design. 

Bituminous. 
Anthracite. 

.  Coke. 

Bituminous. 

Anthracite. 

Coke. 

50 

52 

30 
50-55 
52-55 
25-32 

35 

27 

35-45 

General  practice. 
More  exact  practice. 

•• 

Watt  Mining  Car  Wheel 
Co 

40 

Mine  car  draign. 

Ueyl  A  Patterson  Inc 

Bituminous. 
Anthracite . 

40 
36 

40 
30 

Unk-Belt  Co 

Bituminous 
Mine-run, 

Bitiuninous 
H  in-  And 
under. 
Anthracite. 

40 

40 

Design  for  bins  and  stor- 

age.    Thia      has      been 

found    to    give    ample 
capacity  under  approxi- 

45 

40 

mately     the       extreme 
conditions. 

37 

27 

Phillips  Mine  and  MiU 
Supply  Co 1 

Bituminous 
Mine-nin. 

52 

45 

Mine  car  and  small  storage 
»>in  Hpnicrn 

*2000  pounds. 
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The  Poabody  Coal  Company  uses  tlie  followiiijj:  figures  iu  estimat- 
ing storage  for  coal  and  eokc  in  coal  yard : 


Tahle 
Cubic  Feet  per 

21 
Ton  of  Coal* 

BiTruiNOua 

CiJBic  Feet 
Per  Ton 

1    Anthracite 

CiTJic  Feet 
Per  Ton 

Pocahontas  Lump  and  EIgg 

35.5 

36.. 

35. 

41. 

40. 

41. 

36. 

43. 

40. 

38. 

40. 

38. 

42. 

40. 

1  Chestnut 

Range  

Small  Egg .... 
Large  Egg. . . . 
Pea 

34 

Pocahontas  Mine-Run  and  Nut    . . 

35 

Pcwmhontas  Slack 

35 

Hocking 

36 

HcrAfttiinM 

33 

Indiana  Lump 

Buckwheat . .  . 
Dust 

32 

Mine-Run 

35 

Smithing 

Quaker  Egg  and  Nut 

COKK 

Petroleum 

Gas  House  . . . 
Solvay  Nut . . 

Quaker  Lump 

72 

A«»orn  I^^imp 

66 

New  Era 

No.  3  Washed  Nut 

Wasco  Lump 

♦Peabody  Coal  Company. 

Mr.  J.  A.  Garcia  of  the  Allen  and  Garcia  Company,  Chicago,  has 
furnished  the  following  results  of  actual  tests  on  a  large  number  of 
cars  of  coal  loaded  by  the  Bering  Coal  Company  in  1907.  The  volume 
was  calculated  from  measurements  made  on  railroad  carloads  just 
after  they  left  the  mine  tipple.  The  results  are  shown  in  Table  22. 
The  work  was  scattered  over  a  period  of  several  months  and  the  data 
were  collected  by  three  different  division  engineers  acting  under  defi- 
nite instructions  from  Mr.  Garcia. 


Table  22 
Weight  per  Cubic  Foot  of  Illinois  and  Indiana  CoALf 


Company 
Derinq  Coal  Co. 

Cu.  Ft. 
per  Tont 

Wt.  per 
Cu.  Ft. 

Kind  and  Sise  of  Coal 

Specific 
Gravity 

Remarks 

West  Frankfort, 

Franklin  County,  III. 

34.8 
34.3 
37.0 
40.8 
41.2 
40.0 

57.4 
68.3 
54.1 
48.9 
48.5 
50.0 

Vein  6 

Mine-run 

Mine-run 
lyi  in.  (round)  Screenings 
IH  in.  to  3  in.  Nut 
3  in.  to  6  in.  Egg 
6  in.  Lump 

1.310 

Montgomory  County, 
Ind.,  Vein  0          ... 

37.5 
38.1 
40.5 
38.6 
41.8 
42.1 
40  I 

63.2 
62.6 
49.4 
61.8 
47.8 
47.5 
49.8 

Vein  6 
Mine-run 
J^  in.  bar  (Screenin^a) 
6  m.  (round)  Screenings 
lK-3  in.  Nut 
6  in.  Lump 
IH  in.  Lump 
%  in.  (bar) 

1.339 

f  Estimates  of  Mr.  .1.  A.  Garcia. 
t2(MM)  pounds 
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Table  22 — Continued 


Company 
DBmDffo  Coal  Co. 

Cu.  Ft. 
per  Ton* 

Wt.  per 
Cu.  Ft. 

Kind  and  Sise  of  Coal 

Specific 
Gravity 

RXMARKS 

Vermilion  County.  lU. 

40.5 
46.2 
45.1 
50.2 
47.8 
43.8 

49.3 
44.1 
44.3 
39.8 
41.8 
45.6 

Vein  6 
Mine-nm 
IH  in.  (bar)  Screenings 
H  in.  (round)  Screenings 
H-2  in.  Nut 
2  in.  (round)  Lump 
IK  in.  (bar)  Lump 

1.305 

Vermilioii  County.  Ind. 

36.7 
40.0 

54.4 
49.0 

Vein  3 
Mine-run 
IK  in.  (bar)  Lump 

1.372 

Vermilion  County.  Ind. 

38.1 
40.8 
45.0 
42.6 
43.5 

52.5 
49.0 
44.4 

46.9 
45.9 

Vein  4 
Mine-run 
IH  in.  (bar)  Screenings 
2M  to  4  in.  Egg 
4  in.  Lump 
IH  in.  (bar)  Lump 

1.241 

VermiUon  County.  Ind. 

and 
Sullivan  County.  Ind. 

37.2 
39.3 
38.3 
40.6 
39.9 

53.7 
50.9 
52.2 
49.2 
50.0 

Vein  5 

Mine-run 

Mine-run 

IK  in.  (bar)  Screenings 

IH  in.  (bar)  Lump 

IK  in.  (bar)  Lump 

1.368 

SuUivan  County.  Ind. 

40.7 
38.3 
41.0 
37.7 
42.8 
42.8 
41.3 
45.3 
40.1 
42.3 
38.8 
42.8 
38.4 
42.5 

49.1 
52.2 
48.7 
52.9 
46.7 
46.7 
48.3 
44.1 
49.8 
47.2 
51.5 
46.7 
52.0 
47.0 

Vein  6 

IK  in.  (bar)  Screenings 
IK  in.  (round)  Screenings 

1K-2K  in.  Nut 
1-2K  in.  Nut 
2K-4  in.  Egg 
lH-4  in.  Egg 
2K-4  in.  Egg 
IK  in.  (bar)  Lump 
4  in.  Lump 
4  in.  Lump 
4  in.  Lump 
IK  in.  Liunp 

*20(X)  pounds. 

Tables  23  and  24  give  other  results  for  bituminous  coal  and  Table 
25  gives  results  for  anthracite  coal. 

Table  23 
Space  Occupied  by  BiruMiNous  Coal  in  Cubic  Feet  per  ToNf 


Kinds 

Cubic  Febt 
Pbr  ToNt 

Chunberland 

36.65 

Clearfield 

33.65 

New  River 

40.15 

Po<>ahontaii 

34.00 

Anu^riran  Cannel , 

41.50 

S^ngliffh  Oann^l 

42.30 

tMines  and  Minerals,  Nov.,  1907. 
12000  pounds. 
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T.\BLK   24 
Sl»ACK   OOCIIIMKD    BV    BlTlFMINOUS   Co.\L   IN    CujilC    FkET   I'KH   ToN* 


Kind 

Cubic  Feet  per 

Tout 

Kind 

Cubic  Feet  per  Tout 

Pittsburgh 

48.2 

Cumberland,  Max. 

42.3 

Erie 

46.6 

Cumberland,  Min. 

41.2 

Hookmg  Valley 

45.4 

Blossbunt.  Pa. 
aover  BBll,  Va. 

,                 422 

Ohio  Cannel 

45.5 

49.0 

IndUnm  Block 

51.1 

Richmond,  Va.  (Midlothian) 

41.0 

Illinoii 

47.4 

Cannelton,  Ind. 

,                  47.0 

Pittsburgh 

47.1 

Pictou.  N.  8. 
Sydney,  Cape  Breton 

45  0 
!                 47.0 

♦Trautwine's  Engineer's  Pocket  Book. 
t2240  pounds. 

Table  25 
Space  Occupied  by  Anthracite  Ck)AL  in  Cubic  Feet  per  Ton{ 


Kinds 

Cubic  Fei't  per  Ton^ 

Broken 

Egg 

Stove 

Chestnut 

P«s 

Lackawanna 

Garfield  Rod  Ash 

37.10 
37.30 
37.55 
38.05 
34.00 
34.95 
33.30 
34.65 
35.35 
35.45 

36.65 
36.05 
37.25 
37.70 
34.85 
34.35 
33.80 
34.20 
35.20 
34.05 

34.00 
36.35 
37.65 
37.25 
34.75 
33.75 
33.55 
33.80 
34.60 
34.35 

34.35 
36.35 
37.26 
37.25 
34.70 
34.00 
32.55 
33.55 
33.30 
33.70 

37.25 

37.50 

Lykens  Valley 

38.50 

Rhatnokin    ... 

38.50 

Plsrmouth  Red  .\8h 

36.90 

Wilkea-Barre 

Uhigh 

Lorberry 

36  90 
33.05 
35  20 

Scranton 

31  95 

Pittston 

35.50 

tMines  and  Minerals. 
*2000  pounds. 


The  following  formulas  from  which  Table  26  was  calculated  aw 
given  in  General  Catalog  18  of  the  Gifford-Wood  Company  of  Ne\T 
York  (See  Pig.  75). 
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Formulas 
For  Bituminoiu  Coal: 

Vol.  of  each  conical  end  =  0.045815D3;  vol.  of  cono  =  0.09163D3. 
Vol.  per  foot  of  straight  portion  =  0.175D2. 
For  Anthracite  Coal: 

Vol.  of  each  conical  end  =  0.0327Ds;  vol.  of  cone  =  0.0654D3. 
Vol.  per  foot  of  straight  portion  =  0.125D2. 
Tons  =  Vol.  in  cu.  ft.  -i-  cu.  ft.  per  ton,  from  table  below.  40  cu. 
ft.  per  ton  was  used  in  calculating  the  following  table. 

Table  26 
Volume  and  Tonnage  of  Bituminous  Coal'Pileh 


Vol.  in  Cubic  Fbet 

Short  Tons 

D 
Feet 

Conical 

Per  Ft.  of 

Conical 

Per  Ft.  of 

Ends. 

Straight 

Ends. 

Straight 

Each 

Portion 

Each 

Portion 

10 

45.82 

17.50 

1.15 

0.44 

11 

60.00 

21.20 

1.52 

0.53 

12 

70.00 

25.20 

1.07 

0.63 

13 

100.50 

20.55 

2.51 

0.74 

14 

125.75 

34.30 

3.14 

0.86 

15 

154.30 

30.40 

3.86 

0.08 

16 

187.30 

44.80 

4.68 

1.12 

17 

225.00 

50.60 

5.63 

1.26 

18 

267.00 

56.70 

6.67 

1.42 

10 

814.00 

63.20 

7.85 

1.58 

20 

402.50 

70.00 

10.05 

1.75 

25 

715.00 

100.30 

17.88 

2.74 

30 

1236.00 

157.50 

30.85 

3.04 

35 

1065.00 

214.50 

40.10 

5.36 

40 

2030.00 

280.00 

73.20 

6.00 

45 

4170.00 

354.50 

104.10 

8.86 

50 

5720.00 

437.50 

143.00 

10.03 

55 

7620.00 

520.00 

100.50 

13.22 

60 

0000.00 

630.00 

247.50 

15.76 

65 

12600.00 

738.00 

315.00 

18.43 

70 

15700.00 

857.00 

302.00 

21.40 

75 

10320.00 

084.50 

483.00 

24.60 

80 

23450.00 

1120.00 

586.00 

28.00 

86 

28100.00 

1265.00 

702.50 

31.60 

00 

33400.00 

1420.00 

835.00 

35.50 

05 

30250.00 

1580.00 

080.00 

30.50 

100 

45815.00 

1750.00 

1145.00 

43.75 
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BvUetini  No.  1,  Tests  of  Beinforeed  Concrete  Beams,  bj  Arthur  N.  Talbot. 
1904.  Noneawi^hU. 

Circular  No.  1.  High-Speed  Tool  Steels,  by  L.  P.  Breckenridge.  1905.  None 
avaUdble. 

BuOetin  No.  t.  Tests  of  High-Speed  Tool  Steels  on  Cast  Iron,  bj  L.  P. 
Breekenridge  and  Henry  B.  Dirks.   1905.  None  avaUdble. 

Circular  No.  t.  Drainage  of  Earth  Boads,  by  Ira  O.  Baker.  1906.  None 
avaXlahle. 

Circular  No.  S.  Fuel  Tests  with  Illinois  Coal  (Compiled  from  tests  mads 
by  the  Technological  Branch  of  the  U.  S.  G.  S.,  at  the  St.  Louis,  Mo.,  Fuel  Test- 
ing Plant,  1904-1907),  by  L.  P.  Breckenridge  and  Paul  Diserens.  1908.  Thirlfi 
eenU. 

BuUetin  No.  S.  The  Engineering  Experiment  Station  of  the  University  of 
Illinois,  by  L.  P.  Breckenridge.  1906.  None  avaUdble. 

BuUetin  No.  4.  Tests  of  Beinforeed  Concrete  Beams,  Series  of  1905,  by 
Arthur  N.  Talbot.   1906.  Forty-five  cenU. 

BuUetin  No.  5.  Besistance  of  Tubes  to  Collapse,  by  Albert  P.  Carman  and 
M.  L.  Carr.  1906.  None  avaUahle. 

BuUetin  No.  6.  Holding  Power  of  Bailroad  Spikes,  by  Boy  I.  Webber.  1906. 
None  avaUdble. 

BuUetin  No.  7.  Fuel  Tests  with  Illinois  Coals,  by  L.  P.  Breckenridge,  S.  W. 
Parr,  and  Henry  B.  Dirks.   1906.  None  avaUable. 

BuUetin  No.  8.  Tests  of  Concrete:  I,  Shear;,  n.  Bond,  by  Arthur  N.  Tal- 
bot.  1906.  None  available. 

BviUetin  No.  9.  An  Extension  of  the  Dewey  Decimal  System  of  Classification 
Applied  to  the  Engineering  Industries,  by  L.  P.  Breckenridge  and  G.  A.  Good- 
enough.  1906.  Berised  Edition,  1912.  Fifty  cents. 

BuUetin  No.  10.  Tests  of  Concrete  and  Beinforeed  Concrete  Columns,  Series 
of  1906,  by  Arthur  N.  Talbot.  1907.  None  available. 

BuUetin  No.  11.  The  Effect  of  Scale  on  the  Transmission  of  Heat  through 
LocomotiTe  Boiler  Tubes,  by  Edward  C.  Schmidt  and  John  M.  Snodgrass.  1907. 
None  available. 

BuUetin  No.  It.  Tests  of  Beinforeed  Concrete  T-Beams,  Series'  of  1906,  by 
Arthur  N.  Talbot.  1907.  None  available. 

BuUetin  No.  IS.  An  Extension  of  the  Dewey  Decimal  System  of  Classifica- 
tion Applied  to  Architecture  and  Building,  by  N.  Clifford  Bicker.  1907.  None 
avaUdble. 

BuUetin  No.  14.  Tests  of  Beinforeed  Concrete  Beams,  Series  of  1906,  by 
Arthur  N.  Talbot.  1907.  None  avaUabU. 
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Bidletin  No,  IS.  How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P.  Br«i- 
enridge.  1907.  None  avaUahle, 

BvUetin  No.  16.  A  Study  of  Roof  Trusses,  by  N.  CUfford  Bicker,  1907. 
None  available. 

Bidletin  No.  17.  The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  D.  Hamilton, 
and  W.  F.  Wheeler.  1907.  None  available. 

BvXletin  No.  18.  The  Strength  of  Chain  Links,  by  O.  A.  Goodenough  and 
L.  E.  Moore.  1907.  Forty  cents. 

BvXletin  No.  19.  Comparative  Tests  of  Carbon,  Metallized  Carbon,  and  Tan 
talum  Filament  Lamps,  by  T.  H.  Amrine.   1907.  None  avaUahle. 

Bulletin  No.  BO.  Tests  of  Concrete  and  Beinforeed  Concrete  Columns,  Series 
of  1907,  by  Arthur  N.  Talbot.  1907.  None  available. 

Bulletin  No.  tl.  Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  G.  M.  Gar 
land.  1908.  Fifteen  cents. 

BvXletin  No.  tt.  Tests  of  Cast-Iron  and  Reinforced  Concrete  Culvert  Pipe, 
by  Arthur  N.  Talbot.  1908.  None  available. 

Bulletin  No.  tS.  Voids,  Settlement,  and  Weight  of  Crushed  Stone,  by  Ira  0. 
Baker.  1908.  Fifteen  cenU. 

^Bulletin  No.  t4.  The  Modification  of  Illinois  Coal  by  Low  Temperature  Dis- 
tillation, by  S.  W.  Parr  and  C.  K.  Francis.  1908.   Thirty  cents. 

BvXletin  No.  26.  Lighting  Country  Homes  by  Private  Electric  PUints,  h7 
T.  H.  Amrine.  1908.   Twenty  cents. 

BvXletin  No.  t€.  High  Steam-Pressure  in  Locomotive  Service.  A  Review  of  t 
Report  to  the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.  1908. 
Twenty-five  cents. 

BvXUtin  No.  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  bj 
Arthur  N.  Talbot  and  Duff  A.  Abrams.   1908.   Twenty-five  cents. 

BvXletin  No.  28.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  bj 
Arthur  N.  Talbot.  1908.  Fifteen  cents. 

BvXletin  No.  29.  Tests  of  Beinforeed  Concrete  Beams:  Besistance  to  Web 
Stresses,  Series  of  1907  and  1908,  by  Arthur  N.  Talbot.   1909.  Forty-five  cenU. 

Bidletin  No.  SO.  On  the  Bate  of  Formation  of  Carbon  Monoxide  in  Gas  Pro- 
ducers, by  J.  K.  Clement,  L.  H.  Adams,  and  C.  N.  Haskins.  1909.  Tiventyfut 
cents. 

Bidletin  No.  SI.  Tests  with  House-Heating  Boilers,  by  J.  M.  Snodgrass.  1909. 
Fifty-five  cents. 

Bidletin  No.  S2.  The  Occluded  Gases  in  Coal,  by  8.  W.  Parr  and  Perry 
Barker.  1909.  Fifteen  cents. 

Bidletin  No.  SS.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  Gudl 
1909.   Twenty  cents. 

*Bidletin  No.  S4.  Tests  of  Two  Types  of  Tile-Boof  Furnaces  under  a  Water 
Tube  Boiler,  by  J.  M.  SnodgrasiL   1909.  Fifteen  cents. 


*A  limited  number  of  copies  of  balletiDt  starred  are  aTailaUv  for  free  distributiee. 
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Bulletin  No,  S5,  A   Study  of  Base   and  Bearing   Plates   for   Columns  aud 
Beams,  by  N.  Clifford  Bicker.   1909.    None  available. 

Bulletin  No.  S6.  The  Thermal  Conductivity  of  Fire-Clay  at   High   Temper- 
atures, by  J.  K.  Clement  and  W.  L.  Egy.   1909.   Twenty  cents. 

Bulletin  No.  37.  Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr 
and  W.  F.  Wheeler.   1909.   None  available. 

Bulletin  No.  S8.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F.  Wheeler 
1909.   Twenty-five  cents. 

^Bulletin  No.  S9.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney 
1909.  Seventy-five  cents. 

Bulletin  No.  40.  A  Study  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M 
Garland.   1909.    Ten  cents. 

Bulletin  No.  41.  Tests  of  Timber  Beams,  by  Arthur  N.  Talbot.  1909.  Thirty 
five  cents. 

•Bulletin  No.  42.  The  Effect  of  Keyways  on  the  Strength  of  Shafts,  by  Her 
bert  F.  Moore.   1909.   Ten  cents. 

Bulletin  No.  43.  Freight   Train   Resistance,   by   Edward   C.   Schmidt.    1910. 
Seventy-five  cents. 

Bulletin  No.  44.  An    Investigation    of    Built-up    Colimans    under    Load,    by 
Arthur  N.  Talbot  and  Herbert  F.  Moore.   1910.   Thirty-five  cents. 

•Bulletin  No.  45.  The  Strength  of  Oxyacetylene  Welds  in  Steel,  by  Herbert 
L.  Whittemore.    1910.    Thirty-five  cents. 

Bulletin  No.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and 
F.  W.  Kressman.    1910.   Forty-five  cents. 

•Bulletin  No.  47.  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B. 
Stephenson.    1910.   Twenty-five  cents. 

•Bulletin  No.  48.  Resistance  to  Flow  through  Locomotive  Water  Columns,  by 
Arthur  N.  Talbot  and  Melvin  L.  Enger.   1911.  Forty  cents. 

•Bulletin  No.  49,  Tests  of  Nickel-Steel  Biveted  Joints,  by  Arthur  N.  Talbot 
and  Herbert  F.  Moore.  1911.   Thirty  cents. 

•Bulletin  No.  50.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and 
A.  P.  Kratz.   1911.  Fifty  cents. 

Bulletin  No.  51.  Street  Lighting,  by  J.  M.  Bryant  and  II.  G.  Hake.    1911. 
Thirty-five  cents. 

•Bulletin  No.  52.  An  Investigation  of  the  Strength  of  Rolled  Zinc,  by  Herbert 
F.  Moore.    1911.   Fifteen  cents. 

•Bulletin  No.  53.  Inductance  of  Coils,  by  Morgan  Brooks  and  H.  M.  Turner. 
1912.  Forty  cents. 

Bulletin  No.  54.  Mechanical   Stresses   in   Transmission    Lines,   by   A.   Guell. 
1912.   Twenty  cents. 

•Bulletin  No.  55.  Starting  Currents  of  Transformers,  with  Special  Reference 
to  Transformers  with  Silicon  Steel  Cores,  by  Trygve  D.  Yensen.  1912.  Twenty 
cents. 


*A  limited  number  of  copies  of  bulletins  starred  are  mTaiUbl«  for  free  distributioo. 
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*  Bulletin  No,  66,  Tests  of  Golnmiis:  An  Investigatioii  of  the  Value  of  Goo' 
Crete  as  Beinforcement  for  Structural  Steel  Columns,  bj  Arthur  N.  Talbot  and 
Arthur  B.  Lord.  1912.   Twenty-five  eenU, 

*Bulletin  No,  67,  Superheated  Steam  in  Locomotive  Service.  A  Beview  of 
Publication  No.  127  of  the  Carnegie  Institution  of  Washington,  bj  W.  T,  M 
Goss.  1912.  Forty  cents, 

*Bvnetin  No,  68,  A  New  Analysis  of  the  Qylinder  Performance  of  Beciproeai- 
ing  Engines,  by  J.  Paul  Clayton.  1912.  Sixty  cents, 

*BMetin  No,  69,  The  Effect  of  Cold  Weather  upon  Train  Besistance  and 

Tonnage  Bating,  by  Edward  C.  Schmidt  and  F.  W.  Marquis.  1912.   Ttoenty  eenU. 

Bulletin  No,  60,  The  Coking  of  Coal  at  Low  Temperature,  with  a  Preliminary 

Study  of  the  By-Products,  by  S.  W.  Parr  and  H.  L.  Olin.  1912.  Twenty-five  eentM. 

*BuUetin  No,  61,  Characteristics  and  Limitation  of  the  Series  Transformer, 
by  A.  B.  Anderson  and  H.  B.  Woodrow.  1912.  Twenty-five  cents. 

Bulletin  No,  6t,  The  Electron  Theory  of  Magnetism,  by  Elmer  H.  Williama. 

1912.  Thirty-five  cents. 

Bulletin  No,  6S,  Entropy-Temperature  and  Transmission  Diagrams  for  Air, 
by  C.  B.  Bichards.  1913.  Twenty-five  cents, 

^Bulletin  No,  64,  Tests  of  Beinforced  Concrete  Buildings  under  Load,  by 
Arthur  N.  Talbot  and  Willis  A.  Slater.  1913.  Fifty  cenU, 

^Bulletin  No,  65,  The  Steam  Consumption  of  Locomotive  Engines  from  the 
Indicator  Diagrams,  by  J.  Paul  Clayton.   1913.  Forty  cents. 

Bulletin  No,  66,  The   Properties   of   Saturated   and   Superheated   Ammonia 
Vapor,  by  G.  A.  Gk)odenough  and  William  Earl  Mosher.   1913.   Fifty  cents. 

Bulletin  No,  67.  Beinforced  Concrete  Wall  Footings  and  Column  Footings, 
by  Arthur  N.  Talbot.  1913.  None  available. 

Bulletin  No,  68,  The  Strength  of  I-Beams  in  Flexure,  by  Herbert  F.  Moore. 

1913.  Twenty  cents. 

Bulletin  No,  69,  Coal  Washing  in  Illinois,  by  F.  C.  Lincoln.    1913.    Fifty 
cents. 

Bulletin  No,  70,  The  Mortar-Making  Qualities  of  Illinois  Sands,  by  C.   C. 
Wiley.   1913.   Twenty  cents. 

Bulletin  No.  71,  Tests  of  Bond  between  Concrete  and  Steel,  by  Duff   A. 
Abrams.   1913.   One  dollar, 

^Bulletin  No,  72,  Magnetic  and  Other  Properties  of  Electrolytic  Iron  Melted 
in  Vacuo,  by  Trjgve  D.  Tensen.   1914.  Forty  cents. 

Bulletin  No,  73,  Acoustics  of  Auditoriums,  by  F.  B.  Watson.   1914.   Twenty 
cents. 

^Bulletin  No,  74.  The  Tractive  Besistance  of  a  28-Ton  Electric  Car,  by  Harold 
H.  Dunn.  1914.   Twenty-five  cents, 

BuUetin  No,  76.  Thermal  Properties  of  Steam,  by  G.  A.  Goodenough.    1914. 
Thirty-five  cents. 


*A  limited  number  of  copies  of  bulletins  starred  are  aTallabl*  for  free  distributloa. 


Digitized  by  VjOOQ  IC 


PUBLICATIONS  OF  THE  BNQINEERINO  BXPERIMENT  STATION  155 

Bulletin  No.  76,  The  Analysis  of  Coal  with  Phenol  as  a  Solvent,  by  8.  W. 
Parr  and  H.  F.  Hadley.   1914.   Twenty-five  cents. 

*BvUetin  No.  77.  The  Effect  of  Boron  upon  the  Magnetic  and  Other  Prop- 
erties of  Electrolytic  Iron  Melted  in  Vacuo,  by  Trygve  D.  Yensen.  1915.  Ten 
eents. 

BvUetin  No.  78.  A  Study  of  Boiler  Losses,  by  A.  P.  Eratz.    1915.    Thirty- 
five  cents. 

^BuUetin  No.  79.  The  Coking  of  Coal  at  Low  Temperatures,  with  Special  Bef- 
erence  to  the  Properties  and  Composition  of  the  Products,  by  S.  W.  Parr  and 
H.  L.  Olin.  1915.   Twenty-five  cents. 

BiOletin  No.  80.  Wind  Stresses  in  the  Steel  Frames  of  Office  Buildings,  by 
W.  M.  Wilson  and  G.  A.  Maney.  1915.  Fifty  cents. 

BMeiin  No.  81.  Loiiluence  of  Temperature  on  the  Strength  of  Concrete,  by 
A.  B.  McDaniel.   1915.   Fifteen  cents. 

BvUetin  No.  82.  Laboratory  Tests  of  a  Consolidation  Locomotive,  by  E.  0. 
Schmidt,  J.  M.  Snodgrass,  and  B.  B.  Keller.  1915.  Sixty-five  cents. 

^BuUetin  No.  88.  Magnetic  and  Other  Properties  of  Iron-Silicon  Alloys, 
Melted  in  Vacuo,  by  Trygve  D.  Yensen.   1915.    Thirty -five  cents. 

BuUetin  No.  84.  Tests   of   Beinforced   Concrete    Flat   Slab    Structures,   by 
Arthur  N.  Talbot  and  W.  A.  Slater.  1916.  Sixty-five  cenU. 

*BuUetin  No.  86.  The  Strength  and  Stiffness  of  Steel  under  Biaxial  Loading, 
by  A.  J.  Becker.   1916.    Thirty-five  cents. 

BuUetin  No.  86.  The  Strength  of  I-Beams  and  Girders,  by  Herbert  F.  Moors 
and  W.  M.  Wilson.    1916.  Thirty  cents. 

^BvUetin  No.  87.  Correction  of  Echoes  in  the  Auditorium,  University  of  Illi- 
nois, by  F.  B.  Watson  and  J.  M.  White.  1916.  Fifteen  cents. 

Bulletin  No.  88.  Dry  Preparation  of  Bituminous  Coal  at  Illinois  Mines,  by 
E.  A.  Holbrook.  1916.  Seventy  cents. 

BuUetin  No.  89.  Specific  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  Nebel. 
1916.   Thirty  cents. 

BuUetin  No.  90.  Some  Graphical  Solutions  of  Electric  Bailway  Problems,  by 
A.  M.  Buck.   1916.   Twenty  cents. 

BuUetin  No.  91.  Subsidence  Besulting  from  Mining,  by  L.  E.  Young  and 
H.  H.  Stock.  1916.  None  avaHahle. 

*BuUetin  No.  9t.  The  Tractive  Besistance  on  Curves  of  a  28-Ton  Electric 
Car,  by  E.  C.  Schmidt  and  H.  H.  Dunn.  1916.  Twenty-five  cents. 

BuUetin  No.  98.  A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper, 
and  Nickel,  by  D.  F.  McFarland  and  O.  E.  Harder.  1916.  Thirty  cents. 

*Bulletin  No.  94.  The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel, 
by  a  W.  Parr.  1917.   Thirty  cents. 

*BuUetin  No.  95.  Magnetic  and  Other  Properties  of  Iron-Aluminum  AUoys 
Melted  in  Vacuo,  by  T.  D.  Yensen  and  W.  A.  Gatward.   1917.   Twenty-five  cents. 


*A  Umited  number  of  copiet  of  bnUetint  starred  are  aTaiUbl«  for  free  diatribntloa. 


Digitized  by  VjOOQ  IC 


156  PUBLICATIONS  OF  TB£  ENGINEERING   EXPERIMENT  STATION 

*BuUetin  No.  96,  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through 
a  Submerged  Short  Pipe,  by  Fred  B  Seely.   1917.   Twenty-five  cents. 

*  Bulletin  No.  97.  Effects  of  Storage  upon  the  Properties  of  Coal,  by  S.  W. 
Parr.  1917.   Twenty  cents. 

^Bulletin  No.  98.  Tests  of  Oxyacetylene  Welded  Joints  in  Steel  Plates,  by 
Herbert  F.  Moore.  1917.   Ten  cents. 

Circular  No.  4.  The  Economical  Purchase  and  Use  of  Ck)al  for  Heating 
Homes,  with  Special  Beference  to  Conditions  in  Illinois.  1917.   Ten  cents, 

•Bulletin  No.  99.  The  Collapse  of  Short  Thin  Tubes,  by  A.  P.  Carman,  1917. 
Twenty  cents. 

•Circular  No.  5.  The  Utilization  of  Pyrite  Occurring  in  Illinois  Bitnmiiioaa 
Coal,  by  E.  A.  Holbrook.  1917.  Twenty  cents, 

•Bulletin  No,  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special 
Beference  to  Illinois  Conditions,  by  C.  M.  Young.   1917. 

•Bulletin  No,  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mi- 
kado Locomotive,  by  E.  C.  Schmidt,  J.  M.  Snodgrass,  and  0.  S.  Beyer,  Jr.  1917. 
Fifty  cents. 

•Bulletin  No.  lOS.  A  Study  of  the  Heat  Transmission  of  Building  Materials, 
by  A.  C.  Willard  and  L.  C.  Lichty.   1917.    Twenty-five  cents. 

•Bulletin  No,  lOS,  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W. 
P.  Lukens.   1917.  Sixty  cents, 

•Bulletin  No.  104.  Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel 
Structures,  by  W.  M.  Wilson  and  H.  F.  Moore.  1917.  Twenty -five  cents. 

Circular  No.  6.  The  Storage  of  Bituminous  Coal,  by  H.  H.  Stock.  1918. 
Forty  cents. 

Circular  No.  7.  Fuel  Economy  in  the  Operation  of  Hand  Fired  Power 
Plants.   1918.   Twenty  cents. 

•Bulletin  No.  105.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nozzles, 
and  Orifice  Buckets,  by  Arthur  N.  Talbot,  Fred  B  Sedy,  Virgil  R.  Fleming,  and 
Melvin  L.  Enger.   1918.   Thirty-five  cents. 

•Bulletin  No.  106.  Teat  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  Union 
Building,  by  Arthur  fT.  Talbot  and  Harrison  F.  Gonnerman.   1918.   Twenty  c^nts. 
Circular  No.  8.      The  Economical  Use  of  Coal  in  Railway  Locomotives.   1918. 
Twenty  cents. 

•Bulletin  No.  107.  Analysis  and  Tests  of  Rigidly  Connected  Reinforced  Con- 
crete Frames,  by  Mikishi  Abe.   1918.   Fifty  cents. 

•Bulletin  No,  108,  Analysis  of  Statically  Indeterminate  Structures  by  the 
Slope  Deflection  Method,  by  W.  M.  Wilson,  F.  E.  Richart,  and  Camillo  Weiss. 
1918.   One  dollar. 

•Bulletin  No.  109.  The  Pipe  Orifice  as  a  Means  of  Measuring  Flow  of  Water 
through  a  Pipe,  by  R.  E.  Davis  and  H.  H.  Jordan ,  1918.   Twenty-five  cents. 

•Bulletin  No.  110.  Passenger  Train  Resistance,  by  E.  C.  Schmidt  and  H.  H. 
Dunn.   1918.    Twenty  cents. 

*A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 


Digitized  by  VjOOQ  IC 


PUBLICATIONS  OF  THE  BNOINEBRINO   EXPERIMENT  STATION  1")? 

*  Bulletin  No,  111.  A  Studj  of  the  Fonns  in  which  Sulphur  Occurs  in  Coal,  by 
A.  B.  Powell  with  S.  W.  Parr.   1919.   Thirty  cents. 

^Bulletin  No.  112,  Report  of  Progress  in  Warm -Air  Furnace  Research,  bj 
A.  C.  Willard.   1919.    Thirty  five  cents. 

^BuOetin  No,  IIS.  Panel  System  of  Coal  Mining.  A  Graphical  Study  of  Per- 
cental^ of  Extraction,  by  C.  M.  Toung.    1919. 

*BulUtin  No,  114,  Corona  Discharge,  by  Earle  H.  Warner  with  Jakob  Eunz. 
1919.   Seventy-five  cenU, 

*BulleiiH  No.  115.  The  Relation  between  the  Elastic  Strengths  of  Steel  in 
Tension,  Compression,  and  Shear,  by  F.  B  Seely  and  W.  J.  Putnam.  1920.  Twenty 
cents. 

^Bulletin  No,  116,  Bituminous  Coal  Storage  Practice,  by  H.  H.  Stoek,  C.  W. 
Hippard,  and  W.  D.  Langtry.   1920.  Ninety  cents. 


*K   limited  number  of  copies  of  bulletina  starred  are  available  for  free  distribution. 


Digitized  by  VjOOQ  IC 


Digitized  by  VjOOQ  IC 


-C>     LEh-'OX 


OF      ILLINOIS      BULLETIN  ^ 


Imvbd  Wbbklt 

Vol.  17  Jaauarj  26»  1920  No.  22 

BMtCar  Diwqibw  tl.  101Sk  At  tb*  poM  oSm  si  UrtMiitt,  ItUaoli.  awl«r  tb«  AM  «f  Aoctet 
34^  19ta.      Aae«gttnet  lot  imIHhb  at  tlMapMi*!  rate  of  nooliw*  ptovidMi  Iw  la  awtlaa  1108. 
▲si  of  0«t.  S.  1917,  aa«horia«l  iirir  Bl.  1818.| 


EMISSIVITY  OF  HEAT  FROM  VARIOUS 

SURFACES 


BY 

V.  S.  DAY 


\ 


;-Xoui»-''  \ 


"^   .'-' 


[THIS  BUI.LETIN  IS  THE  SECOND  Ot  A  SERIES  ON  WARM-AIR 

FURNACE  RESEARCH) 


BULLETIN  No.  117 
ENGINEERING  EXPERIMENT  STATION 

PUVtnHVA  BT  TBI   UjUflWlTI   OV  iLUITOn,    UbBAMA. 

pRicm:  TwBWTT  Caim 


EuBofSAN  AoBirr 
CsA^itAif  &  Hall,  Ltd*,  Lonbo/i 


Digitized  by  VjOOQIC 


THE  Sngineermg  Experim^it  Station  was  established  by  act  of 
the  Board  of  Trustees,  December  8,  1903.  It  is  the  purpose 
of  the  Station  to  carry  on  investigations  along  various  lines  of 
engineering  and  to  study  problems  of  importance  to  profesdonal  eng^ 
neers  a^d  to  the  manufacturings  railway,  mining,  constructional,  md 
industrial  interests  of  the  State. 

The  control  of  the  Engineering  Experiment  Station  is  vested  in 
the  heads  of  the  several  departments  of  the  CoU^^  of  En^eering. 
These  constitute  the  Station  Staff  and,  with  the  Director,  determine 
the  character  of  the  investigations  to  be  undertaken.  The  work  is 
carried  on  under  the  supervirion  of  the  Staff,  sometimes  by  r^earcb 
fellows  as  graduate  work,  sometimes  by  members  of  the  instructional, 
staff  of  the  College  of  Engineering,  but  more  frequently  by  investigators 
belonging  to  the  Station  corps.        ' 

The  results  of  these  investigations  are  published  in  the  form  of 
bulletins,  which  record  mostly  the  experimeiits  of  the  Station's  own 
staff  of  investigators.  There  will  also  be  issued  from  time  to  time,  in 
the  form  of  circulars,  compilations  g;iviQg  the  results  of  the  experi- 
ments of  engmeers,  industrial  wbrics,  technical  institutions,  and  gov* 
ernmental  testing  departments. 

The  volume  and  number  at  the  top  of  the  front  cover  page  Bit 
merely  arbitrary  numbers  and  refer,  to  the  g^eral  publications  of 
the  University  of  Illinois:  either  above  the  tide  or  below  the  seal  is  gufen 
the  number  of  the  Engineering  Experiment  Station  btdletin  or  circular 
which  shovld  be  used  in  referring  to  these  publications. 

For  copies  of  bulletins,  circulars,  or  other  information  address  the 

Engineering  Expssumbnt  Station, 
Urbana,  Illinois. 


Digitized  by 


Google 


UNIVERSITY  OP  ILLINOIS 
ENGINEERING  EXPERIMENT  STATION 


Bulletin  No.  117  January,  1920 


EMISSIVITY    OF    HEAT    FROM    VARIOUS    SURFACES 

WITH  SPECIAL  REFERENCE  TO 

WARM-AIR  FURNACE  INSTALLATIONS 

RESULTS  OF  COMPARATIVE  TESTS  ON 
COVERED  AND  UNCOVERED  SHEET  METAL  SURFACES 

MADE  IN  CXJNNECTION  WITH  THE 

WARM-AIR  FURNACE  INVESTIGATION 


CONDUCTED  BY 

THE  ENGINEERING  EXPERIMENT  STATION 
UNIVERSITY  OF  ILLINOIS 

IN  COOPERATION  WITH 

THE 
NATIONAL  WARM-AIR  HEATING  AND  VENTILATING 

ASSOCIATION 


BY 

V   S.  DAY 

RESEARCH  ASSISTANT.  ENGINEERING  EXPERIMENT  STATION 


ENGINEERING  EXPERIMENT  STATION 

PVBUBHID  BT  THB  UnIVERSITT  OT  IlLINOU.  UbBANA 


^> 


/ 


Digitized  by  VjOOQ  IC 


Digitized  by  VjOOQ  IC 


CONTENTS 

PAQI 

I.  Introduction 6 

1.  Preliminary    Statement 6 

2.  Previous    Investigations 5 

3.  Acknowledgments 6 

4.  Significant    Conclusions .6 

II.  The   Testing  Equipment 7 

5.  Description 7 

III.  The   Tests 12 

6.  Operation 12 

7.  Specimens  Tested 13 

IV.  The  Calculations 14 

V.    The  Results 16 

8.  Discussion 16 

VI.    Corroborative  Tests 26 

9.  The  Auxiliary  Air  Plant 26 

10.  Temperature   Measurement 27 

11.  Calculation 30 

12.  Conclusion 31 


Digitized  by  VjOOQ  IC 


LIST  OP  FIGURES 

NO.  PAf.l 

1.  Sectional  Elevation  of  Steam  Drum  Plant  for  Testing  Sur- 

faces for  Heat  Emissivity 8 

2.  Photograph  Showing  the  Principal  Operative  Features  of  the 

Steam  Drum  Plant 9 

3.  A  Sample  Data  Sheet  for  a  Typical  Test 15 

4.  Sections  Showing  Construction  of  Some  of  the  Complex  Sur- 

face Coverings 16 

5.  Diagrammatic  Table  of  the  Results  of  One  Hundred  Sixty 

Tests  on  Steam  Drums 18,  19 

5a.  Continuation  of  the  Diagrammatic  Table  of  the  Results  of 

One  Hundred  Sixty  Tests  on  Steam  Drums     .      .     .    20,  21 

6.  Elevation  of  Auxiliary  Furnace  Plant  with  Insert  Showing 

Percentage  of  Heat  Lost  from  Covered  and  from  Bare 
Bright  Tin  Pipes 22 

7.  Curves   Showing   Ineffectiveness    of    Commercial    Asbestos 

Paper  for  Insulation  of  Bright  Tin  Pipes 23 

8.  Diagram  of   Thermocouple   Connections   to   the   Auxiliary 

Testing  Plant 26 


9.     Temperature  Traverse  Curves  of  Ten-Inch  Leader  Pipe  .     .    2' 


10.    Data  for  a  Temperature  Traverse  Test  on  the  Auxiliary  Fur- 
nace Testing  Plant 29 


Digitized  by  VjOOQ  IC 


EMISSIVITY  OP  HEAT  PROM  VARIOUS  SURPACES 


I.    Introduction 

1.  Preliminary  Statement, — The  work  reported  upon  in  this  bul- 
letin was  done  in  connection  with  the  Warm- Air  Pumace  Investiga- 
tion now  in  progress  at  the  University  of  Illinois.  This  investigation 
has  for  its  object  the  determination  of  the  eflSciencies  and  capacities  of 
warm-air  furnaces  and  a  study  of  the  proper  conditions  of  installation 
and  operation,  so  that  furnaces  may  be  accurately  rated  and  properly 
selected  for  the  requirements  of  actual  service.  The  work  is  being 
conducted  under  a  cooperative  agreement  between  the  National  Warm- 
Air  Heating  and  Ventilating  Association  and  the  Engineering  Ex- 
periment Station  of  the  University  of  Illinois.  This  bulletin  is  a  re- 
port of  the  tests  of  heat  insulating  materials  and  surfaces  made  as  a 
part  of  the  Investigation,  and  is  included  in  item  (4)  of  the  Objects  of 
the  Investigation.* 

2.  Previous  Investigations, — ^In  May  1919,  it  was  observed  in 
these  tests  that  greater  temperature  reduction  occurred  in  air  passing 
through  bright  tin  pipes  covered  with  asbestos  paper,  such  as  are 
commonly  used  in  furnace  heating,  than  occurred  in  air  passing 
through  the  same  bright  tin  pipes  uncovered,  all  other  conditions  in 
the  comparative  tests  being  the  same.  It  was  therefore  evident  that 
the  actual  heat  loss  was  greater  through  the  asbestos  paper-covered 
pipes  than  through  the  same  pipes  uncovered. 

This  fact  was  reported  at  the  annual  Spring  Meeting  of  the  Na- 
tional Warm-Air  Heating  and  Ventilating  Association,  Columbus, 
Ohio,  June  11,  1919,  as  follows:  '*  .  .  We  found  that  we  lost  about 
35  per  cent  more  heat  through  the  pipe  covered  with  asbestos  paper 
than  through  the  same  tin  pipe  not  covered.  .  .  This  great  loss 
amounts  to  approximately  5  per  cent  of  the  coal  consumed.  .  . 
Furthermore,  it  costs  from  ten  to  fifteen  dollars  to  cover  the  heat  pipes 
of  the  average  house  installation  with  asbestos  paper,  "t 

*UiiiTenlt7  of  UUnois  BngineeriniT  Experiment  SUtion.  Bulletin  No.  112,  "A  Report 

of  Process  in  Warm-Air  Furnace  Research,"  by  Prof.  A.  C.  WUlard,  p.  8. 

t  Proceedings  of  the  National  Warm-Air  Henting  and  Ventilating  AsHoeiation.  ]».  TO. 
Jane  11,  1919. 
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Because  of  the  ineflScacy  of  many  of  the  present  warm-air  furnace 
heat  insulating  methods,  it  is  evident  that  a  complete  study  of  various 
insulating  materials,  coverings,  and  surfaces  would  be  justified. 

3.  Acknowledgments, — Credit  is  due  Professor  A.  C.  Willard 
for  the  original  idea  of  the  scheme  for  testing  the  samples,  and  for  the 
keen  support  which,  as  the  active  supervisor  of  the  Investigation,  he 
gave  this  work. 

Professor  A.  P.  Kjiatz  gave  valuable  advice  and  assistance  in  the 
use  of  the  thermocouples. 

4.  Significant  Conclusions, — The  results  of  the  tests  have  been 
given  some  publicity  heretofore,  but  not  in  the  complete  form  pre- 
sented in  this  bulletin.  The  following  significant  results  as  applied  to 
warm-air  furnace  heating  are  deserving  of  special  emphasis. 

(1)  The  use  of  thin  sheets  of  asbestos  paper  on  bright  tin 
heat  pipes  results  in  a  waste  of  heat.  The  use  should  be 
abandoned. 

(2)  Uncovered  bright  tin  pipes  are  more  eflScient  carriers 
of  heated  air  than  asbestos  paper-covered  bright  tin  pipes. 
See  item  (4). 

(3)  This  fact  is  true  regardless  of  the  degree  of  bright- 
ness of  the  tin  surface. 

(4)  No  small  number  of  applications  of  asbestos  paper 
will  suffice  as  an  insulator.  Several  thicknesses  are  necessary 
to  make  a  covering  equal  in  this  respect  to  the  bare  tin. 

(5)  The  accumulation  of  dust  and  dirt  on  the  pipes  does 
not  greatly  alter  the  amount  of  the  loss. 

(6)  The  heat  loss  from  warm-air  furnace  pipes  covered 
with  one  layer  of  asbestos  paper  is  a  serious  item  in  the  cost 
of  heating,  amounting  to  more  than  5  per  cent  of  the  coal  con- 
sumption, depending  upon  the  number  and  size  of  the  pipes 
used. 

(7)  The  fact  that  pipes  are  partly  protected  from  convec- 
tion currents  of  air  by  joists  and  studding  does  not  greatly 
affect  the  loss. 

(8)  Unless  the  insulation  excels  the  uncovered  bright  tin 
in  heat  insulation  properties  it  should  not  be  used. 

(9)  Such  materials  are  available  and  the  tests  have  shown 
their  merits. 
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II.    The  Testing  Equipment. 

The  report  mentioned  in  paragraph  2,  which  was  made  at  Colum- 
bus, Ohio,  gave  the  results  of  tests  on  the  Auxiliary  Testing  Plant  (see 
Fig.  6).*  It  was  difiSeult  to  obtain  entirely  satisfactory  data  on  this 
plant  because  of  the  variation  in  the  velocity  of  the  air  flowing  up  the 
leader  and  the  difficulty  of  correctly  measuring  the  temperature  of  the 
air,  as  described  later  in  this  bulletin.  It  was  therefore  decided  that  a 
special  apparatus  should  be  devised  which  would  eliminate  possible 
errors  in  temperature  measurements. 

5.  Description, — The  apparatus  here  described,  (Figs.  1  and  2) 
was  the  one  used  in  the  tests  reported  in  this  bulletin.  It  consisted  of 
low  pressure  steam  heated  drums,  five  in  number,  surroimding  a  cen- 
tral steam  header  from  which  the  drums  drew  their  supply  of  steam. 
The  drums  were  accurately  uniform  in  size,  ten  inches  in  diameter 
by  twenty  inches  in  length  and  were  made  of  sheet  metal  of  the  kind 
to  be  tested.  Steam  was  condensed  in  the  drums  by  the  cooling  ac- 
tion of  the  air  surrounding  them  and  was  discharged  through  water 
seals  connected  to  each  drum.  These  seals  were  U-tubes  made  of  pipe, 
and  were  long  enough  to  contain  a  water  head  of  four  feet.  As  the 
steam  condensed  the  seals  became  filled  with  water;  the  condensate 
then  dripped  over  into  receivers  as  fast  as  it  accumulated.  The  water 
in  the  seals  cooled  to  room  temperature  before  it  dripped  into  the  re- 
ceivers so  that  evaporation  was  not  influenced  by  the  heat  of  the  water 
in  the  receivers.  Each  receiver  was  mounted  on  a  small  weighing 
scales  accurate  to  one  one-hundredth  pound. 

A  mercury  manometer  was  used  to  obtain  the  pressure  of  the 
steam  in  the  central  header,  and  since  the  temperature  of  the  steam 
for  any  known  pressure  may  be  taken  directly  from  steam  tables,  it 
was  possible  to  determine  the  temperature  of  the  medium  within  the 
drum  with  great  accuracy.  A  pressure  regulator  in  the  steam  supply 
line  held  the  pressure  constant  within  a  small  fraction  of  a  pound, 
about  0.2  pound  being  the  variation  during  a  test ;  as  the  temperature 
change  for  the  pressure  variation  was  negligible,  the  temperatures 
were  imiform  and  accurate  within  one  degree. 

*UniTenit7  of  UlinoU  Engineering  Experiment  Station,  Bulletin  No.  112,  "A  Report 
of  Progress  in  Warm-Air  Furnace  Keseurc  h,  '  by  Prof.  A.  C.  Willard,  pp.  45-49. 
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Fio.  2.  Photogeaph  Showing  thx  Principal  Ope&ativb  Fkatubes  or  thb  Stbaic 

Drum  Plant 
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No  thermometers  were  required  for  determining  the  steam  tem- 
perature, but  one  was  used  in  each  drum  at  the  point  of  outlet  of  the 
condensate  to  detect  the  presence  of  air  in  the  drums.  The  readings 
of  these  thermometers  decreased  upon  the  formation  of  air  pockets 
in  the  lower  part  of  the  drums  or  in  the  connected  piping.  Air  could 
be  blown  out  of  small  petcocks  located  near  the  thermometers  in  the 
piping.  No  eflPects  on  the  coeflScients  were  noticeable  when  steam  was 
allowed  to  escape  for  short  periods  from  the^e  petcocks,  which  could 
therefore  be  opened  during  a  test  to  discharge  any  small  accumula- 
tion of  air. 

The  drums  were  shielded  from  radiation  from  each  other  by 
blackened  compo-board  partitions.  These  partitions  did  not  in  any 
way  interfere  with  the  flow  of  natural  air  currents.  The  temperature 
of  the  air  was  measured  by  thermometers  suspended  at  the  elevation 
of  the  drums  at  convenient  positions  nearby.  The  thermometers  were 
not  affected  by  radiation  from  the  drums. 

Thus,  the  actual  measurements  involved  were  simple  and  were 
not  liable  to  serious  error.  These  measurements  consisted  of  the  weigh- 
ing of  the  steam  condensed,  the  reading  of  the  pressure  of  the  steam, 
and  the  reading  of  the  room  air  temperature. 
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III.    The  Tests 

6.  Operation, — The  tests  reported  herein,  forty  in  number,  witii 
four  drums  under  steam  in  each  test,  were  carried  out  at  night  when 
the  doors  and  windows  of  the  large  laboratory  were  closed.  No  air 
currents  were  noticeable  near  the  apparatus.  A  period  of  ten  hours 
was  chosen  for  the  duration  of  a  test  as  that  time  was  sufficient  to 
permit  accumulations  of  condensate  great  enough  to  render  negligible 
the  slight  error  in  weighing.  These  quantities  of  water  varied  from 
5  to  20  pounds  depending  upon  the  surface  material  of  the  test  drams. 
The  steam  pressure  was  constant  on  any  given  test  within  0.2  of  an 
inch  head  of  mercury.  In  all  the  tests  there  was  only  one  case  in  which 
the  thermometers  indicated  the  presence  of  air  in  the  drums  at  the 
end  of  ten  hours  operation.  The  greatest  variation  of  temperature  of 
the  surrounding  atmosphere  during  any  night  was  four  degrees  Fah- 
renheit. A  recording  thermometer  was  used  to  show  the  uniformity 
of  the  laboratory  temperature. 

The  drums  were  tested  in  diflferent  positions  around  the  steam 
header  in  order  to  compensate  for  any  irregularity  in  the  flow  of 
steam  to  the  drums  or  in  the  currents  of  air  about  the  drums.  As  no 
irregularities  were  noticeable  io  the  values  of  the  coefficients  of  emis- 
sivity  for  the  various  positions,  the  practice  was  abandoned  after  the 
first  four  drums  were  tested  in  the  interchanged  positions. 

One  drum,  of  bright  tin  not  insulated,  was  in  operation  in  all  tests. 
Its  performance  served  as  an  indication  of  any  lack  of  uniformity  in 
the  conditions  existing  throughout  the  tests. 

In  order  to  make  correction  for  the  loss  of  water  by  evaporation 
from  the  receivers,  a  receiver  of  water  was  balanced  on  a  scales  and 
the  loss  in  ten  hours  actually  determined  by  weighing.  After  several 
trials  in  which  the  loss  ranged  from  0.10  to  0.12  pound  it  was  decided 
to  use  the  value  0.11  pound.  This  amount  was  applied  as  a  correction 
to  all  the  weights  of  water.  Every  test  was  repeated  until  the  results 
obtained  were  found  to  agree  withio  very  small  limits.  In  no  case  are 
the  data  reported,  the  result  of  less  than  two  tests,  and  in  most  cases 
four  were  run.  Two  tests  were  considered  sufficient  if  the  results 
agreed  within  one  per  cent  of  their  mean  value. 
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7.  Specimens  Tested. — A  complete  list  of  the  drums  tested  is 
given  in  Figs.  5  and  5a.  In  the  list  will  be  found  a  description  of  the 
insulation  or  the  surface  material,  the  actual  area  of  the  drum  exposed 
to  the  steam,  and  an  abstract  number  assigned  to  the  drum  (which 
will  be  useful  in  connecting  the  description  with  the  results  reported 
later  in  this  paper).  Fig.  4  shows  sections  through  some  of  the  insula- 
tions which  were  of  complex  construction. 
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rV.    The  Calculations 

In  calculating  the  coeflBcients  of  emissivity  for  the  varioas  sur- 
faces it  was  assumed  that  heat  of  the  vapor  was  entirely  given  up,  upon 
condensation,  to  the  air  through  the  walls  of  the  containers  and  the 
connected  piping.  Tests  on  the  low  pressure  steam-line  supplying 
the  drums  show  a  steam  quality  of  over  99  per  cent.  The  expresion 
for  the  coeflScient  is,  therefore,  calculated  as  follows : 


A  iU-ta) 


in  which,  K^  =  B.  t.  u.  per  sq.  ft.  per  hr.  per  1  degree  F. 
r= latent  heat  of  one  lb.  of  the  steam. 
W  =  weight  of  condensate  per  hour. 
U  =  temperature  of  the  steam. 
ta  =  temperature  of  the  surrounding  air. 
A  =  area  of  the  drum  exposed  to  the  steam. 

Correction  must  be  made  for  the  loss  of  heat  through  the  half -inch 
pipe  of  which  the  water  seal  was  made.  This  loss  is  not  accounted  for 
in  the  calculation  for  K^  above.  Three  lineal  feet  of  the  half-inch  pipe 
were  exposed  to  the  steam.  The  correction  is  made  by  using  a  codB- 
cient  of  emissivity  for  this  pipe  of  2.50  B.  t.  u.  per  sq.  ft.  per  hr.  per  1 
degree  P.  and  the  exposed  area  of  0.375  sq.  ft.,  or,  2.50x0.375  =  ap- 
proximately 1.00  B.  t.  u.  per  hr.  per  1  degree  P.  to  be  subtracted  from 
the  heat  loss,  or, 

AKi{U-Q-im{in-ia)=AK{U-ia) 
and  K  corrected  = ^  .    — (-) 

This  correction  was  verified  by  tests  made  on  the  drums  with  the 
water  seals  heavily  insulated  with  hair  felt.  The  values  of  ii  so  deter- 
mined agree  closely  with  the  values  obtained  by  applying  the  correc- 
tion. 

Pig.  3  is  a  copy  of  a  test  data  sheet  and  shows  all  readings  bh^ 
calculations  for  one  test. 
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V.    Results  op  the  Tests 

8.  Discussion, — The  significance  of  the  tests  will  be  best  under 
stood  by  a  study  of  the  information  presented  in  the  diagrammatic 
chart,  Figs.  5  and  5a.  The  heavy  black  bars  afford  a  graphic  com 
parison  of  the  heat  emitting  value  of  the  various  surfaces.  Reierenw 
must  be  made  to  the  descriptive  list  of  drums  in  order  to  connect  the 
data  with  particular  test  specimens.  The  relative  eflBciencies  of  tk 
various  surfaces  as  heat  insulators  are  given  in  the  next  to  the  b^ 
column  of  the  chart.  The  coefficient  for  bright  IC  tin  was  used  as  4^ 
basis  for  this  comparison. 


'/O-JIb.  Asbestos  Paper 


Corro^fe^  A/r-Ce// JlsSes/os- 
Specimen  No,  3 


icm- 


'Corruga/eet  A/r-Ce/l  4stisf9i 
Spec/men  No,  6 


/XTin 


ICVn 
Specimen  A/os  to  Ste  Spec/men  A/c  /^ 

C/o//)  ^repping^^^j^^^^^^^^^^^^^^^  li" Asbestos  Cement 

J'M  Asbestoce/ 

Biocks  r-i  Fine  Ash  Ckj^ 


6a/ K  /ron 
Specimen  No  gi 


Specimen  A/a  /a 


Fig.  4.  Sections  Showing  Construction  or  Some  or  the  Complex   Srt* 

Coverings 
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The  first  result  of  importance  is  the  convincing  evidence  which 
the  tests  present  as  an  argument  against  the  use  of  thin  layers  of  as- 
b(^os  paper  covering  on  bright  tin  pipes.  The  heat  loss  was  39  per 
cent  greater  with  one  thickness  of  the  paper  thaa  without.  Such  a  loss 
is  of  no  small  degree  of  importance  as  calculations  will  show  that  it 
results  in  a  waste  of  5  per  cent  or  more  of  the  coal  consumed  in  the 
average  house  furnace. 

The  fact  that  the  heat  loss  from  the  warm-air  pipes  of  a  furnace 
system  is  of  some  consequence  is  not  appreciated  generally.  A  con- 
siderable part  of  the  heat  of  the  air  flowing  through  the  pipes  of  the 
average  installation  is  dissipated  from  the  pipe  surface  to  the  surround- 
ing air  and  nearby  objects.  The  insert  in  Fig.  6  sets  forth  the  results  of 
tests  made  to  determine  the  amount  of  this  loss.  The  tests  were  carried 
out  on  a  single  leader  pipe  furnace,*  see  Fig.  6,  in  which  the  quantity 
of  air  handled  and  the  heat  content  of  the  same  above  the  entering  tem- 
perature could  be  readily  ascertained.  The  heat  loss  was  determined 
by  calculatipn  from  the  drop  in  temperature  of  the  air  in  its  passage 
through  the  pipe.  The  temperature  and  velocities  indicated  in  the 
curves  are  fair  representative  values. 

The  significance  of  these  preliminary  tests  is  to  bring  out  the  fact 
that  the  heat  loss  from  warm-air  furnace  pipes  is  a  serious  item.  From 
the  curves,  it  can  be  seen  that  in  the  case  of  the  asbestos  paper-covered 
pipes,  the  loss  amounts  to  about  23  per  cent  of  the  heat  of  the  air  at 
the  bonnet,  above  inlet  air  temperature.  If  the  pipe  is  of  bright  tin 
and  not  covered,  this  loss  is  reduced  to  about  17  per  cent  of  the  heat 
available.  In  either  case  the  loss  is  great ;  and  with  the  further  con- 
sideration that  a  warm-air  furnace  under  average  conditions  of  in- 
stallation is,  at  best,  only  about  60  per  cent  eflBcient,  it  will  be  under- 
stood that  the  actual  waste  of  coal  ascribable  to  poor  heat  pipe  insula- 
tion is  enough  to  warrant  attention. 

The  attempt  was  made  in  the  steam  drum  tests  to  determine  the 
effect  upon  the  heat  loss  of  having  the  drum  partly  enclosed  so  that 
free  circulation  of  the  air  about  the  drum  would  be  prevented.  The 
experiment  simulated  the  effect  of  running  leader  pipes  between 
joists.  The  results  of  these  tests  as  shown  in  No.  14  and  No.  14a  in- 
dicated a  slight  decrease  in  the  value  of  iC  for  the  enclosed  drum. 

The  argument  has  been  advanced  that  if  bright  tin  pipes  were 
used  without  covering,  they  would  soon  become  fouled  with  dirt  and 

^UniTenity  of  Ulixiois  En^eering  Experiment  SUtion  BnUetin  No.  112,  "A  Report 
of  Progress  in  Warm-Air  Furnace  Research,"  by   Prof.  A.  C.  Willard. 
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Drum 
NumJber 

Descr/pf/an  of  Surface 
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Fto.  5.  Diagrammatic  Tablb  of  thx  BnuLra  (V 
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Drum 
A/umber 

Descr/pr/oT)  of  Surface 

Area 
Exposed 
toStean 

sq.ft 

I4a 

Same  as  A/o.  /4  with  housing  removed 

5j5I 

/S 

Same  as  /Va  iO  but  w/th  the  a/r-space  packe€t 
w/th  ctn/  J/^  asbestos  cement 

5S0 

/6 

/Ct/n  With  ^  th/cAnesses  of  /e-pounct 
asbestos  paper 

5S£ 

/6a 

Same  as  Ato.  /6  m'th  ash  ctust  stftect  onik'^eep 

s.se 

17 

tC  tin f drum  A/ae)  with  3  thicknesses  of 
te-pouncf  asbestos  paper 

S52 

/e 

6afi/an/ze€t  iron  f€f rum  /^a  6 J  w/th  SthicMness- 
es  of  a/r-ce// asbestos  an€f  /  of /2paun€f paper 

553 

/3 

ICtin  (drum  Na  el  with  4  thic/rnesses  of 
/Z'pound  asbestos  paper 

S,52 

20 

iC  tin  with  /  thickness  of  asbestos  paper 
cohered  ivith  a  firm  coating  of  white 
ca/cimine,  (for  determining  the  effect  of 
tight  and  dark  surfaces  i 

S.5i 

Zt 

Gaii^anized  iron  (drum  No.  di  with  li'  Asbesto- 
cet  biocks  coi/ered  with  i" of  asbestos 
cement  and  a  cheesec/oth  wrapper 

SS3 

2Z 

iCtin(drum  No  el  with  S  thicknesses  of 
tZ'pound  asbestos  paper 

SSI 

23 

Same  as  drum  No.  eo  w/th  iampbiack 
ca/c/mine  on  the  surface  used  in  that  test 

SSi 

24 

iC  tin  (drum  Noel  with  6  thicknesses  of 
te- pound  asbestos  paper 

ssz 

2S 

iC  tin  (drum  Noel  with  7  thicknesses  of 
i2'pound  asbestos  paper 

5St 

ee 

iCt/n  (drum  A/o,  at  w/th  a  thicknesses  of 
i 2-pound  asbestos  txiper 

3SZ 

Fig,  5a.  Continuation  op  the  Diagrammatic  Table  or  r:- 


Digitized  by  VjOOQ  IC 


EHIS8IVITT  OF  HEAT  FBOM  VARIOUS  SURFACES 


21 
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Equ/y'a/enf  Register  Temp.  abo\/e  66* E, 
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LecrdenArf£z3£^^^ 


Area  7S.Ms^ 


Area  S7O054 ' 


Ca/or/mere/^ 


^Condensation 


Fig.  6.  Elevation  of  Auxiliary  Furnace  Plant  with  Insert  Showin*^ 
Percentage  of  Heat  LtOST  from  Covered  and  from  Bar^  Bright  Tin  Pe'^ 
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dust  and  so  rendered  less  efficient  heat  carriers  than  asbestos  paper 
covered  pipes.  The  fallacy  of  this  argument  is  revealed  by  tests  No. 
la  and  No.  16a.  In  these  tests  fine  ash  dust  was  sifted  on  the  test 
drums,  one  of  bare  bright  tin  and  the  other  asbestos  paper  covered. 
The  dust  was  more  than  one-sixteenth  inch  deep  on  top  of  the  drums. 
The  results  as  shown  in  tests  No.  la  and  No.  16a  of  the  chart  indicate 
that  the  bare  tin  suffered  a  loss  of  11  per  cent  in  efficiency  whereas 
the  asbestos  paper  surface  improved  2.4  per  cent.  There  still  re- 
mained, however,  a  difference  of  25  per  cent  in  favor  of  the  bare  tin 
pipe. 

In  order  to  demonstrate  further  the  inefficacy  of  thin  layers  of 
asbestos  paper  as  a  heat  insulator,  tests  were  run  in  which  the  number 
of  thicknesses  of  paper  was  increased  until  the  heat  loss  became  less 
than  the  loss  through  a  bare  bright  tin  specimen.  The  curve  (Pig.  7) 
gives  the  results  of  these  tests.  Eight  thicknesses  of  the  twelve-pound 
paper  were  applied  before  the  desired  result  was  obtained.  In  these 
tests  the  moistened  paper  was  wrapped  tightly  and  shrunk  on  the 
drums  so  that  only  a  small  quantity  of  air  was  entrapped  between  the 
successive  layers  of  paper.     The  total  thickness  of  paper  was  two- 


Number  of  Thicknesses  of  Asbesfos  Pcper 


Fio.  7.  Curves  Showing  Inmtectiveness  or  Commercial  Asbestos  Paper  rou 
Insulation  of  Bright  Tin  Pipes 
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tenths  of  an  inch.  The  impractical  features  of  such  a  method  of  in- 
sulating are  of  course  evident.  The  use  of  thin  layers  of  asbestos  paper 
on  bright  tin  pipes  must  be  abandoned  if  the  best  results  are  to  be  ob- 
tained in  furnace  heating. 

Other  materials  of  better  heat  insulating  value  than  the  bare  tiu 
were  tested.  Numbers  3,  6, 10, 12, 15, 18,  and  21,  all  show  values  which 
indicate  that  a  large  saving  would  be  effected  by  their  use.  Some  of 
them  are  expensive  and  not  easy  of  application,  but  good  selections 
may  be  made.  The  air-cell  combinations  Nos.  3  and  6  are  excellent  in- 
sulators, are  easy  to  fit  to  basement  leaders,  are  not  expensive,  and  the 
latter,  in  particular,  is  not  bulky. 

The  double  wall  tin  pipes  Nos.  10  and  12  are  very  eflScient  in- 
sulators and  are  easy  to  construct  and  to  install.  Other  tests  are  in 
progress  which  are  expected  to  establish  still  further  the  merits  of 
this  type. 

The  tests  on  galvanized  iron  specimens  brought  out  the  fact  that 
the  heat  loss  through  this  material  is  not  greater  than  through  bright 
tin  of  the  same  gage.  This  low  heat  radiating  property  is  an  argu- 
ment in  favor  of  the  galvanized  iron  leader  pipe.  Nos.  18  and  21 
are  good  insulations  for  the  exterior  of  furnace  casings,  the  heat  loss 
through  the  latter  being  almost  negligible.  No.  21  is  very  easily 
applied. 

The  tests  on  drum  No.  11  were  made  to  determine  the  effect  of 
transparent  applications  on  the  tin  surface.  Bakelite  lacquer  was 
used.  Tlie  result  was  a  slight  increase  in  the  heat  loss.  It  was  thought 
that  the  use  of  the  lacquer  would  be  justified  in  practice  by  its  rust 
preventing  qualities,  but  specimens  exposed  to  steam  laden  air  for 
long  periods  show  no  advantage  for  the  protective  coating. 

Tests  Nos.  20  and  23  were  made  for  the  purpose  of  ascertaining 
the  effect  of  color  upon  the  heat  radiating  value  of  a  surface.  Applica- 
tions of  white  calcimine  were  made  on  a  drum  which  was  tested ;  then 
a  coat  of  dull  black  calcimine  was  added  and  the  drum  re-tested ;  a 
final  coating  of  white  calcimine  was  applied  and  the  drum  again  tested 
The  alternate  tests  with  white  calcimine  checked  very  closely  proving 
that  the  additional  thickness  of  the  calcimine  was  not  sufficient  to  have 
any  bearing  on  the  results.  Beyond  demonstrating  the  superior  radiat- 
ing value  of  a  dark  surface,  the  tests  have  little  significance. 

Specimens  Nos.  4  and  5  demonstrated  the  uneconomical  effect  due 
to  increased  heat  loss  of  any  kind  of  oil  paint  applications  on  heat 
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pipes.  A  comparison  of  Nos.  1  and  4  will  show  the  enormous  increase 
in  heat  loss  caused  by  painting  bright  tin  heat  pipes,  and  a  comparison 
of  Nos.  2  and  5  will  show  the  similar  wasteful  effect  of  painting  over 
the  asbestos  paper  covering.  However,  the  use  of  paint  on  asbestos 
paper  has  in  its  favor  the  moisture-proofing  effect  of  the  paint. 

Other  information  of  value  may  be  found  in  the  data  given  in  the 
table.  To  use  these  data  for  the  determination  of  the  approximate 
heat  loss  from  a  heat  pipe,  it  is  only  necessary  to  multiply  the  value 
of  K  for  the  surface  by  the  surface  area  of  the  pipe  exposed  and  fur- 
ther multiply  by  the  difference  in  temperature  between  the  air  inside 
and  outside  the  pipe,  or, 

B.  t.  u.  loss  per  hour  =  iC  x  Area  in  sq.  ft.  x  {t^  -  to) 

On  account  of  the  diflSculty  of  correctly  measuring  the  temperature  of 
the  air  near  the  inner  surface  of  the  pipe,  the  method  of  determining 
the  loss  from  a  pipe  as  here  given,  is  only  approximate. 
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VI.    Corroborative  Tests 

9.  The  Auxiliary  Air  Plarii, — In  order  to  show  the  eonnectiou 
between  the  work  done  on  the  steam  drums  already  described  and 
conditions  obtaining  in  a  warm-air  system,  the  following  account  of 
experiments  conducted  on  the  Auxiliary  Furnace  Plant*  which  is 
shown  in  Fig.  6  of  this  bulletin  is  given.  In  these  experiments,  the 
weight  of  air  flowing  up  the  pipe  was  determined  by  the  use  of  the 
steam-air  meter  which  supplied  the  heat.  Half  way  along  the  ten- 
foot  length  of  the  ten-inch  leader  pipe  was  located  a  traversing  device 
(Fig.  8)  which  made  it  possible  to  get  temperatures  at  any  point  across 


.  Surface  Coupfe 
'  noya/b/^ /Vpesect/on 


Co/dJuncf/on     i  Se/ector  Switch 
/ceBaf/7 


Ga/uanometer 


DryCe// 


iD 


Pyrot/o/ter 


Fig.  8.  Diagram  op  Thermocouple  Connections  to  the  Auxiliabt 
Testing  Plant 


*  UniTenity  of  lUinoii  Engineering  Experiment  Station  Bulletin  No.   112,   "A    Bcf>«t 
of  Progress  in  Wsrm-Air  Furnace  Research,"  by  Prof.  A.   C.  Willard. 
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the  pipe  diameter  by  intervals  of  oue-hundredth  of  an  inch.  A  ther- 
mocouple was  used  in  the  traverse  and  its  readings  were  accurate  with- 
in one  degree  Fahrenheit.  A  second  couple  was  tinned  to  the  surface 
of  the  pipe  and  by  rotation  of  the  pipe  (a  short  section  could  be 
turned)  temperatures  at  any  point  on  the  surface  in  the  plane  of  rota- 
tion of  the  couple  could  be  determined. 

10.  Temperature  Measurement, — The  couples  used  in  this  work 
were  made  of  copper  and  constantan  wires  of  No.  22  gage.  The  junc- 
tions were  silver  soldered.  Fig.  8  shows  the  wiring  arrangement  and 
the  instruments  used  for  two  couples.  As  many  couples  may  be  used 
as  there  are  contact  points  on  the  selector  switch.  Four  were  used 
on  the  leader  pipe  for  the  tests  here  described.  The  couples  were 
calibrated  individually  in  a  hot  oil  bath  over  a  range  of  200  degrees, 
and  calibration  curves  were  carefully  drawn.  It  is  possible  to  repeat 
readings  of  the  pyrovolter  within  0.01  millivolt  which  by  calibration  is 
0.4  degree  Fahrenheit.  This  insures  an  accuracy  of  reading  of  one- 
half  degree.  As  the  couples  were  soldered  to  the  surface  of  the  pipe 
in  some  parts  of  the  work,  it  was  thought  advisable  to  repeat  the  cali- 
bration after  the  couples  were  removed  from  the  pipe.  The  constancy 
of  the  couples  was  found  to  be  unaltered  by  the  soldering  to  the  pipe. 


-Surface  Temp. 


Sec/  Sec.J 


Sma// 


/30  I40  ISO  iSO  I70 

Air  Temperature /n  Degrees  F, 

Pio.  9.  Temperature  Traverse  Curves  of  Ten-Inch  Leader  I*ipe 
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The  use  of  thermometers  for  accurate  temperature  measurements 
in  an  air  stream  is  not  satisfactory.  Thermometer  readings  will  not 
be  in  agreement  with  thermocouple  readings  though  both  are  suspended 
in  close  proximity  in  the  same  stream  of  moving  air.  For  this  reason 
thermocouples  were  used  throughout  these  tests. 

In  Pig.  9  are  given  temperature  traverse  curves  showing  the  varia- 
tion in  temperature  across  the  ten-inch  pipe.  Curves  are  shown  for  both 
the  asbestos  paper-covered  pipe  and  the  bare  pipe,  all  other  conditions 
of  the  tests  being  identical.  The  curves  demonstrate  the  heat-radiating 
value  of  the  asbestos  paper.    Note  that  not  only  the  air  temperature 
but  the  surface  metal  temperature  beneath  the  paper  is  lower  in  the 
case  of  the  covered  pipe,  this  fact  indicating  that  the  tin  is  conducting 
the  heat  to  the  asbestos  covering  which  in  turn  radiates  it  more  rapidly 
than  does  uncovered  tin.     Very  exact  means  were  taken  to  deter- 
mine the  temperature  of  the  £Qm  of  air  in  contact  with  the  inner  sur- 
face of  the  pipe.    The  traversing  couple,  made  of  wire  0.025  inch  in 
diameter,  was  filed  flat  at  the  junction  so  that  it  was  less  than  0.02  inch 
thick.    Measurements  of  the  temperature  were  made  with  this  thin 
couple  at  a  distance  from  the  pipe  surface  just  great  enough  to  cause 
a  break  in  an  electric  circuit  through  the  couple  and  the  pipe,  the 
break  being  indicated  by  a  small  voltmeter  in  the  circuit.    The  dist- 
ance was  less  than  0.01  inch  from  the  pipe  surface.    The  temperatures 
were  found  to  differ  from  the  metal  temperature  15  to  30  degrees,  the 
greater  difference  existing  in  the  case  of  asbestos  paper-covered  pipe. 
(See  the  sample  data  sheet  Pig.  10  for  data  on  these  measurements.) 

The  temperature  change  of  the  air  flowing  in  the  pipe  was 
determined  by  the  use  of  couples  suspended  in  the  air  stream  three 
inches  below  the  top  of  the  pipe.  These  couples  correctly  register  the 
temperature  drop  of  the  mass  of  air  between  any  two  sections  for  the 
reason  that  the  traverse  curves  are  similar  in  shape  at  all  sections 
along  the  pipe,  and  the  error  in  reading  the  temperature  due  to  a 
difference  in  the  traverse  curve  is  very  slight.  This  fact  is  illustrated 
in  Pig.  9  at  Sec.  1  and  Sec.  2.  It  will  be  seen  that  a  great  different 
in  the  shape  of  the  traverse  curve  would  be  necessary  to  cause  serious 
error  in  determining  the  temperature  drop  along  the  path  of  flov 
of  the  air. 

In  measuring  the  temperature  of  the  pipe  surface,  it  was  foun^l 
that,  whereas  the  air  in  the  pipe  dropped  in  temperature,  the  pipe  it 
self  showed  a  measurable  increase  in  temperature  away  from  th" 
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FiQ.   10.  Data  for  a  Temperature  Traverse  Test  on  the  Auxiliary  Furnace 

Testing  Plant 
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furnace.  This  slight  increase  occurred  when  the  pipe  was  covered  as 
well  as  when  bare.  As  this  increase  amounted  to  only  about  3  degrees 
and  was  proportional  to  the  length  of  pipe,  it  was  considered  per- 
missible to  use  the  temperature  half  way  up  the  leader  as  the  mean 
metal  temperature. 

11.  Calculation, — The  coefficient  of  emissivity  for  the  pipe  sur- 
face may  be  calculated  since  the  heat  loss  through  the  surface  of  the 
pipe  between  any  two  sections  is  equal  to  the  decrease  in  the  heat  con- 
tent of  the  air  in  its  passage  through  the  length  of  pipe  between  the 
two  sections,  or, 

0,UW  {t,-t,)  =  A{t^ia)  K^ (3) 

in  which  W  is  the  weight  of  air  flowing. 

^1-^2  =the  temperature  drop  of  the  air  in  the  given  length  of 

pipe. 
A      =the  area  of  the  pipe  exposed  in  the  given  length  of 

pipe. 
^«-^rt=the  drop  in  temperature  between  the  metal  of  the 

pipe  and  the  air. 
if  2     =the  coefficient  of  emissivity  not  corrected. 

Solution  of  the  equation  will  furnish  a  value  for  K2,  which  will 
not,  however,  check  or  agree  with  the  value  determined  in  the  steam 
drum  tests  of  the  same  material.  The  variation  may  be  eaaily  ex- 
plained since  it  is  a  well-established  law  that  the  coefficient  of  heat 
emissivity  of  a  hot  body  varies  with  the  temperature  difference  between 
the  heating  and  the  cooling  medium.  (See  tests  of  radiators  by  J.  R 
Allen  which  demonstrate  this  fact).* 

In  the  case  of  the  heat  pipe  the  temperature  traverse  showed 
a  low  air  temperature  near  the  inner  surface  of  the  pipe  and  also  a  cor- 
respondingly low  temperature  of  the  metal  of  the  pipe.  The  result 
is  a  comparatively  low  value  of  tg-ia  and  according  to  the  law,  a  low 
coefficient  is  to  be  expected. 

The  following  case  will  illustrate :  the  pipe  was  covered  with  12- 
pound  asbestos  paper.    The  surface  couple  showed  that  the  tempera- 

*  Paper  by   J.    R.   Allen,    given   before   American    Society   of   Heating   and   Ventilaliiif 
Engineers,  Jan.  28,   1020. 
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the  paper  was  actually  lower  than  the  temijem 
^  pipe. 


1 .  77  B.  t.  u.  per  sq.  ft.  per  far.  ^ler  1  degree  F. 

tie  correction  of  0.2  per  cent  per  degree  F.  below 
'  150  degrees  which  is  u-sed  in  maktns:  corrections 
applies  to  this  surface,*  the  value  of  A'  becomes: 

[150- (/.-f„)] 
02  (150-44)] 
per  sq.  ft.  per  hr.  per  1  degree  K 

'se  agreement  with  the  value  of  K  =  2.08  as  detcr- 
•.Jnim  tests,  and  reported  above. 

L*.— Enough  tests  have  been  made  on  this  apparatus 

T-ate  the  results  obtained  on  the  steam  drum.s  anil 

in  progress  in  which  more  exacting  method^  an? 
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Breckenridge  and  Henry  B.  Dirks.   1905.  None  available. 

Circular  No,  t.  Drainage  of  Earth  Roads,  by  Ira  O.  Baker.  1906.  None 
available. 

Circular  No,  S,  Fuel  Tests  with  Illinois  Coal  (Compiled  from  tests  made 
by  the  Technological  Branch  of  the  U.  S.  G.  S.,  at  the  St.  Louis,  Mo.,  Fuel  Test- 
ing Plant,  1904-1907),  by  L.  P.  Breckenridge  and  Paul  Diserens.  1908.  Thirty 
cents. 

Bulletin  No.  S,  The  Engineering  Experiment  Station  of  the  University  of 
Illinois,  by  L.  P.  Breckenridge.  1906.  None  available. 

Bulletin  No.  4,  Tests  of  Reinforced  Concrete  Beams,  Series  of  1905,  by 
Arthur  N.  Talbot.   1906.  Forty-five  cents, 

BtUletin  No,  5.  Resistance  of  Tubes  to  Collapse,  by  Albert  P.  Carman  and 
M.  L.  Garr.   1906.  None  available. 

Bulletin  No.  6.  Holding  Power  of  Raib-oad  Spikes,  by  Roy  I.  Webber.  1906. 
None  available. 

Bulletin  No.  7.  Fuel  Tests  with  Illinois  Coals,  by  L.  P.  Breckenridge,  S.  W. 
Parr,  and  Henry  B.  Dirks,   1906.   None  available. 

BuUetin  No.  8,  Tests  of  Concrete:  I,  Shear;  II,  Bond,  by  Arthur  N.  Tal- 
bot.  1906.  None  available, 

BvMetin  No,  9,  An  Extension  of  the  Dewey  Decimal  System  of  Classification 
Applied  to  the  Engineering  Industries,  by  L.  P.  Breckenridge  and  G.  A.  Good- 
enough.   1906.  Revised  Edition,  1912.  Fifty  cents. 

Bulletin  No.  10,  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series 
of  1906,  by  Arthur  N.  Talbot.   1907.  None  available. 

Bulletin  No.  11,  The  Effect  of  Scale  on  the  Transmission  of  Heat  through 
Locomotive  Boiler  Tubes,  by  Edward  C.  Schmidt  and  John  M.  Snodgrass.  1907. 
None  available. 

Bulletin  No.  It,  Tests  of  Reinforced  Concrete  T-Beams,  Series  of  1906,  by 
irthur  N.  Talbot.   1907.  None  available. 

Bulletin  No,  13,  An  Extension  of  the  Dewey  Decimal  System  of  Classifica- 
ion  Applied  to  Architecture  and  Building,  by  N.  Clifford  Richer.  1907.  None 
available. 

Bulletin  No.  14,  Tests  of  Reinforced  Concrete  Beams,  Series  of  1906,  by 
irthur  N.  Talbot.   1907.  None  avaUdble, 
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Bulleiin  No,  IS.  How  to  Burn  Illinois  Goal  without  Smoke,  by  L.  P.  Brack 
enridge.   1907.  None  available, 

BvUetin  No,  16,  A  Study  of  Roof  Trusses,  by  N.  Clifford  Bicker.  1907. 
None  available, 

BuUetin  No,  17,  The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  D.  HamiltoB. 
and  W.  F.  Wheeler.  1907.  None  available. 

BtUletin  No,  18.  The  Strength  of  Chain  Links,  by  G.  A.  Goodoiough  tad 
L.  E.  Moore.  1907.  Forty  cents, 

BuUetin  No,  19,  Comparatiye  Tests  of  Carbon,  Metallized  Carbon,  and  Tan- 
talum Filament  Lamps,  by  T.  H.  Amrine.   1907.  None  avaHabU. 

BvUetin  No,  SO,  Tests  of  Concrete  and  Beinf  orced  Concrete  Columns,  Seria 
of  1907,  by  Arthur  N.  Talbot.  1907.  None  available. 

Bulletin  No,  21,  Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  C.  M.  Gar- 
land. 1908.  Fifteen  cents. 

Bulletin  No,  t$.  Tests  of  Cast-Iron  and  Beinforced  Concrete  Culvert  Pipe, 
by  Arthur  N.  Talbot.  1908.  Nme  available. 

Bulletin  No,  tS.  Voids,  Settlement,  and  Weight  of  Crushed  Stone,  by  Iia  0. 
Baker.  1908.  Fifteen  cents. 

^Bulletin  No.  $4,  The  Modification  of  Illinois  Coal  by  Low  Temperature  Du 
tillation,  by  S.  W.  Parr  and  C.  K.  Francis.  1908.  Thirty  cenU, 

BuUetin  No.  $6,  Lighting  Country  Homes  by  Private  Electric  Plants,  bX 
T.  H.  Amrine.  1908.  Twenty  cents. 

B%Metin  No.  $6,  High  Steam-Pressure  in  Locomotive  Service.  A  Beview  of  t 
Beport  to  the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.  1908. 
Twenty-five  cents, 

BuUetin  No,  IS7.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by 
Arthur  N.  Talbot  and  Duff  A.  Abrams.  1908.   Twenty-five  cents, 

Bulleiin  No,  $8,  A  Test  of  Three  Large  Beinforced  Concrete  Beams,  by 
Arthur  N.  Talbot.  1908.  Fifteen  cents. 

Bulletin  No,  SB.  Tests  of  Beinforced  Concrete  Beams:  Besistanoe  to  Web 
Stresaesy  Series  of  1907  and  1908,  by  Arthur  N.  Talbot   1909.  Forty-five  cents. 

Bulletin  No.  SO.  On  the  Bate  of  Formation  of  Carbon  Monoxide  in  Gas  Pro- 
ducers, by  J.  K.  Clement,  L.  H.  Adams,  and  C.  N.  Haskins.  1909.  Twenty-pw 
cents. 

BvUetin  No.  SI,  Tests  with  House-Heating  Boilers,  by  J.  M.  Snodgrass.  1909. 
Fifty-five  cents. 

BvUetin  No.  St.  The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry 
Barker.  1909.  Fifteen  cents. 

BvUetin  No.  SS.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  GueH 
1909.  Twenty  cents. 

^Bulletin  No.  S4.  Tests  of  Two  Types  of  Tile-Boof  Furnaces  under  a  Water 
Tube  Boiler,  by  J.  M.  Snodgrasa.  1909.  Fifteen  cents. 


*A  limited  number  of  copies  of  boUetinB  starred  are  available  for  free  distribaUon. 
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BMetin  No.  S5,  A  Study  of  Base  and  Bearing  Plates  for  Columns  and 
Beams,  by  N.  Clifford  Bicker.  1909.   Twenty  cents. 

BvXUtin  No.  S6.  The  Thermal  Conductivity  of  Fire-Clay  at  High  Temper- 
atures, by  J.  K.  Clement  and  W.  L.  Egy.  1909.   Twenty  cents. 

Bulletin  No.  37.  Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr 
and  W.  F.  Wheeler.   1909.   None  available. 

BuUetin  No.  38.  The  Weathering  of  Coal,  by  8.  W.  Parr  and  W.  F.  Wheeler. 
1909.    Twenty-five  cents. 

^Bulletin  No.  39.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  8.  McQovney. 
1909.   Seventy-five  cents. 

BuUetin  No.  40.  A  8tudy  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M. 
Garland.    1909.   Ten  cents. 

BuUetin  No.  41.  Tests  of  Timber  Beams,  by  Arthur  N.  Talbot.  1909.  TUrty- 
five  cents. 

*Bulletin  No.  4t.  The  Effect  of  Keyways  on  the  Strength  of  Shafts,  by  Her- 
bert F.  Moore.  1909.  Ten  cents. 

BuUetin  No.  43.  Freight  Train  Besistance,  by  Edward  C.  Schmidt.  1910. 
Seventy-five  cents. 

Bulletin  No.  44.  An  Investigation  of  Built-up  Columns  under  Load,  by 
Arthur  N.  Talbot  and  Herbert  F.  Moore.   1910.   Thirty-five  cents. 

*BuUetin  No.  46.  The  Strength  of  Ozyacetylene  Welds  in  Steel,  by  Herbert 
L.  WMttemore.   1910.   Thirty-five  cents. 

BuUetin  No.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and 
P.  W.  Kressman.   1910.   Forty-five  cents. 

*BuUetin  No.  47.  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B. 
Stephenson.   1910.  Twenty-five  cents. 

*BuUeiin  No.  48.  Besistance  to  Flow  through  Locomotive  Water  Columns,  by 
Arthur  N.  Talbot  and  Melvin  L.  Enger.  1911.  Forty  cents. 

"^BuUetin  No.  49.  Tests  of  Nickel-Steel  Biveted  Joints,  by  Arthur  N.  Talbot 
and  Herbert  F.  Moore.  1911.   Thirty  cenU. 

^BuUetin  No.  50.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and 
A.  P.  Kratz.  1911.  Fifty  cenU. 

BuUetin  No.  61.  Street  Lighting,  by  J.  M.  Bryant  and  H.  G.  Hake.  1911. 
Thirty-five  cents. 

^Bulletin  No.  62.  An  Investigation  of  the  Strength  of  Boiled  Zinc,  by  Herbert 
P.  Moore.   1911.   Fifteen  cents. 

^BvXletin  No.  63.  Inductance  of  Coils,  by  Morgan  Brooks  and  H.  M.  Turner. 
1912.   Forty  cents. 

BuUetin  No.  64.  Mechanical  Stresses  in  Transmission  Lines,  by  A.  Guell. 
1912.   Twenty  cents. 

*BvXletin  No.  66.  Starting  Currents  of  Transformers,  with  Special  Beference 
to  Transformers  with  Silicon  Steel  Cores,  by  Trygve  D.  Yensen.  1912.  Twenty 
cents. 


*A  Ifmited  number  of  copies  of  bulletins  starred  are  available  for  free  distribution. 


Digitized  by  VjOOQ  IC 


36  PUBLICATIONS  OP  THE  ENGINEERING   EXPERIMENT  STATION 

*  Bulletin  No,  56,  Tests  of  Ck)luiniis:  An  Inveetigation  of  the  Value  of  Gob- 
Crete  as  Beinforcement  for  Structural  Steel  Columns,  by  Arthur  N.  Talbot  and 
Arthur  B.  Lord.  1912.   Twenty-five  cents, 

*BuU€t%n  No.  57.  Superheated  Steam  in  Locomotive  Sendee.  A  Beview  of 
Publication  No.  127  of  the  Carnegie  Institution  of  Washington,  by  W.  F.  H 
Goes.  1912.  Forty  cents. 

^Bulletin  No.  58.  A  New  Analysis  of  the  Cylinder  Performance  of  Beeiprocal- 
ing  Engines,  by  J.  Paul  Clayton.  1912.  Sixty  cents. 

*Bvlletin  No.  59.  The  Effect  of  Cold  Weather  upon  Train   Beeistance  and 

Tonnage  Bating,  by  Edward  C.  Schmidt  and  F.  W.  Marquis.  1912.   Twenty  ceiU*. 

Bvlletin  No.  60.  The  Coking  of  Coal  at  Low  Temperature,  with  a  Preliminaiy 

Study  of  the  By-Products,  by  S.  W.  Parr  and  H.  L.  Olin.  1912.  Twenty-five  cents, 

^Bulletin  No.  61.  Characteristics  and  Limitation  of  the  Series  Transformer, 
by  A.  B.  Anderson  and  H.  B.  Woodrow.  1912.  Twenty-five  cents. 

Bulletin  No,  6B.  The  Electron  Theory  of  Magnetism,  by  Elmer  H.  Williams. 

1912.  TUrty-five  cents. 

Bulletin  No.  63.  Entropy-Temperature  and  Transmission  Diagrams  for  Air, 
by  C.  B.  Bichards.  1913.  Twenty-five  cents. 

^Bulletin  No,  64.  Tests  of  Beinforced  Concrete  Buildings  under  Load,  bj 
Arthur  N.  Talbot  and  Willis  A.  Slater.  1913.  Fifty  cents. 

*BvUetin  No.  65.  The  Steam  Consumption  of  Locomotive  Engines  from  the 
Indicator  Diagrams,  by  J.  Paul  Clayton.   1913.  Forty  cents. 

Bulletin  No.  66.  The  Properties   of   Saturated  and   Superheated  Ammonia 
Vapor,  by  G.  A.  Goodenough  and  William  Earl  Mosher.   1913.   Fifty  cents. 

Bulletin  No.  67.  Beinforced  Concrete  Wall  Footings  and  Colunm  Footings, 
by  Arthur  N.  Talbot.  1913.  None  available. 

Bulletin  No,  68,  The  Strength  of  I-Beams  in  Flexure,  by  Herbert  F.  Moore 

1913.  Twenty  cents. 

Bulletin  No.  69.  Coal  Washing  in  Illinois,  by  F.  C.  Lincoln.    1913.    Fifty 
cents. 

Bulletin  No.  70.  The  Mortar-Making  Qualities  of  Illinois  Sands,  by  C.  C. 
Wiley.   1913.   Twenty  cents. 

Bulletin  No,  71.  Tests  of  Bond  between  Concrete  and  Steel,  by   Doff  A 
Abrams.   1913.   One  dollar. 

*Bulletin  No.  7t,  Magnetic  and  Other  Properties  of  Electrolytic  Iron  Mdte<! 
in  Vacuo,  by  Trygve  D.  Yensen.   1914.  Forty  cents. 

Bulletin  No,  73,  Acoustics  of  Auditoriums,  by  F.  B.  Watson.   1914.    Twenty 
cents. 

"Bulletin  No.  74.  The  Tractive  Besistance  of  a  28-Ton  Electric  Car,  by  HaroU 
H.  Dunn.  1914.   Twenty-five  cents. 

Bulletin  No.  75.  Thermal  Properties  of  Steam,  by  G.  A.  Goodenough.    19U 
Thirty-five  cents. 


*A  limited  namber  of  copies  of  bulletins  starred  are  available  for  free  diatribvtioa- 
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Btdletin  No,  76,  The  Analysis  of  Coal  with  Phenol  as  a  Solvent,  by  8.  W. 
Parr  and  H.  P.  Hadley.   1914.   Twenty-live  cents. 

^BvMetin  No.  77.  The  Effect  of  Boron  upon  the  Magnetic  and  Other  Prop- 
erties of  Electrolytic  Iron  Melted  in  Vacuo,  by  Trygve  D.  Yensen.  1915.  Ten 
eentt. 

BuUeiin  No.  78.  A  Stndy  of  Boiler  Losses,  by  A.  P.  Kratz.    1915.    Thirt)^' 
five  cents. 

^BuOetin  No.  79.  The  Coking  of  Coal  at  Low  Temperatures,  with  Special  Bef  • 
erence  to  the  Properties  and  Composition  of  the  Products,  by  8.  W.  Parr  and 
H.  L.  Olin.   1915.   Twenty-five  cents. 

BuUetin  No.  80.  Wind  Stresses  in  the  Steel  Frames  of  Office  Buildings,  by 
W.  M.  Wilson  and  G.  A.  Maney.  1915.  Fifty  cenU. 

BuUetin  No.  81.  Influence  of  Temperature  on  the  Strength  of  Concrete,  by 
A  B.  McDaniel.   1915.   Fifteen  cents. 

BMeUn  No.  8t.  Laboratory  Tests  of  a  Consolidation  Locomotive,  by  E.  0. 
Schmidt,  J.  M.  Snodgrass,  and  B.  B.  Keller.   1915.  Sixty-five  cents. 

^BMetin  No.  8S.  Magnetic  and  Other  Properties  of  Iron-Silicon  Alloys, 
Melted  in  Vacuo,  by  Trygve  D.  Yensen.    1915.    Thirty -five  cents. 

Bulletin  No.  84.  Tests  of  Beinforced  Concrete  Flat  Slab  Structures,  by 
Arthur  N.  Talbot  and  W.  A.  SUter.  1916.  Sixty-five  cents. 

^Builetin  No.  86.  The  Strength  and  Stiffness  of  Steel  under  Biaxial  Loading, 
by  A.  J.  Becker.   1916.    Thirty-five  cents. 

BvUetin  No.  86.  The  Strength  of  I-Beams  and  Girders,  by  Herbert  F.  Moore 
and  W.  M.  Wilson.   1916.  Thirty  cents. 

^BuUetin  No.  87.  Correction  of  Echoes  in  the  Auditorium,  University  of  Illi- 
nois, by  F.  B.  Watson  and  J.  M.  White.  1916.  Fifteen  cents. 

Bulletin  No.  88.  Dry  Preparation  of  Bituminous  Coal  at  Illinois  Mines,  by 
£.  A«  Holbrook.  1916.  Seventy  cents. 

BuUetin  No.  89.  Specific  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  Nebel. 
1916.   Thirty  cenU. 

BvXletin  No.  90.  Some  Graphical  Solutions  of  Electric  Bailway  Problems,  by 
A.  M.  Buck.   1916.   Twenty  cents. 

BuUetin  No.  91.  Subsidence  Besulting  from  Mining,  by  L.  E.  Young  and 
H.  H.  Stoek.  1916.  None  avaUahle. 

^BuUetin  No.  9t.  The  Tractive  Besistance  on  Curves  of  a  28-Ton  Electric 
Car,  by  E.  C.  Schmidt  and  H.  H.  Dunn.  1916.  Twenty-five  cents. 

^BuUetin  No.  93.  A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper, 
and  Nickel,  by  D.  F.  McFarland  and  O.  E.  Harder.  1916.  Thirty  cenU. 

*BuUetin  No.  94.  The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel, 
by  S.  W.  Parr.  1917.  Thirty  eenU. 

^Bulletin  No.  96.  Magnetic  and  Other  Properties  of  Iron- Aluminum  Alloys 
Melted  in  Vacuo,  by  T.  D.  Yensen  and  W.  A.  Gatward.   1917.   Twenty-five  cents. 
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*BuHeiin  No,  96,  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through 
a  Submerged  Short  Pipe,  by  Fred  B  Seely.  1917.   Twenty-five  cents. 

*BvUetin  No,  97.  Effects  of  Storage  upon  the  Properties  of  Goal,  by  8.  W. 
Parr.  1917.  Twenty  cents. 

*Btt{Zettn  No,  98,  Tests  of  Ozyaeetjlene  Welded  Joints  in  Sted  Plates,  b; 
Herbert  F.  Moore.  1917.  Ten  cents. 

Circular  No,  4,    The  Economical  Purchase  and  Use  of  Coal  for  Heating 
Homes,  with  Special  Beference  to  GonditionB  in  Illinois.  1917.  Ten  cents. 

•Bulletin  No,  99,  The  Ck>llapse  of  Short  Thin  Tubes,  by  A.  P.  Oarman,  1917. 
Twenty  cents, 

•Circular  No.  5,  The  Utilization  of  Pjrite  Occurring  in  Illinois  BitaminoQi 
CoBlf  bj  E.  A.  Holbrook.  1917.  Twenty  cents. 

•Bulletin  No.  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special 
Beference  to  Illinois  Conditions,  by  0.  M.  Young.   1917. 

•BuUetin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  1& 
kado  Locomotive,  by  E.  C.  Schmidt,  J.  M.  Snodgrass,  and  O.  S.  Beyer,  Jr.  1917. 
Fifty  cents. 

•BuUetin  No.  10$,  A  Study  of  the  Heat  Transmission  of  Building  Materiili. 
by  A.  C.  Willard  and  L.  C.  Lichty.  1917.   Twenty-five  cents. 

•BuUetin  No.  103.  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W 
P.  Lukens.   1917.  Sixty  cenU. 

•Bulletin  No.  104.  Tests  to  Determine  the  Rigidity  of  Biveted  Joints  of  8ta) 
Structures,  by  W.  M.  Wilson  and  H.  F.  Moore.  1917.  Twenty-five  cents. 

Circular  No,  €,      The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoek.   191i 
Forty  cents. 

Circular  No,  7.      Fuel  Economy  in  the  Operation  of  Hand   Fired  Vem 
Plants.   1918.   Twenty  cents. 

•Bulletin  No.  106.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nonla 
and  Orifice  Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  B.  Fleming,  b^ 
Melvin  L.  Enger.  1918.   Thirty-five  cents. 

•Bulletin  No.  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  V^ 

Building,  by  Arthur  N.  Talbot  and  Harrison  F.  Gonnerman.  1918.    Twenty  cna 

Circular  No,  8,      The  Economical  Use  of  Coal  in  Bailway  LocomotlTea.  ^3^ 

Twenty  cents, 

•BviUtin  No,  107.  Analysis  and  Tests  of  Bigidly  Connected  BeiiLf  oreed  On 
Crete  Frames,  by  Mikishi  Abe.  1918.  Fifty  cents, 

•Bulletin  No.  108.  Analysis  of   Statically   Indeterminate   Structures   by 
Slope  Deflection  Method,  by  W.  M.  Wilson,  F.  E.  Bichart,  and  Camillo  V« 
1918.   One  dollar. 

•Bulletin  No.  109,  The  Pipe  Orifice  as  a  Means  of  Measuring  Flo^vr  of  Ws 
through  a  Pipe,  by  B.  E.  Davis  and  H.  H.  Jordan ,  1918.  Twenty-five  cents. 

•Bulletin  No.  110.  Passenger  Train  Besistance,  by  E.  C.  Schmidt  and  E 
Dunn.   1918.   Twenty  cents. 


*A  limited  number  of  copies  of  bulletins  starred  are  available  for  free  distrfb^iHse. 
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*  Bulletin  No,  111.  A  Study  of  the  Forms  in  which  Sulphur  Occurs  in  Coal,  by 
A-  B.  Powell  with  S.  W.  Parr.   1919.   Thirty  cenU, 

^ Bulletin  No.  lit.  Beport  of  Progress  in  Warm-Air  Furnace  Research,  bj 
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the  Board  of  Trustees,  December  8,  1903.  It  is  the  pnrpoie 
of  the  Station  to  cany  on  investigations  along  various  lines  of 
engineering  and  to  study  problems  of  importance  to  professional  engi- 
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The  control  of  the  Engineering  Experiment  Station  is  vested  in 
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These  constitute  the  Station  Staff  and,  with  the  Director,  determine 
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I.    Introduction 

1.  Foreword. — The  work  described  in  the  following  pages  was 
begun  in  June,  1917,  as  part  of  a  program  of  research  on  some  of  the 
problems  connected  with  the  manufacture  of  optical  glass.  The  first 
experiments  were  carried  out  by  Mr.  Frank  F.  Footitt,  at  that  time 
Research  Assistant  in  the  Engineering  Experiment  Station.  Mr. 
Pootitt  later  joined  the  Signal  Corps  of  the  United  States  Army  and 
was  detailed  at  the  University  to  assist  in  the  continuation  of  the  re- 
search. His  part  in  the  work  continued  until  he  was  honorably  dis- 
charged from  the  service  in  February,  1919.  The  results  given  in 
the  first  three  chapters  of  the  present  paper  are  based  upon  Sgt. 
Pootitt 's  experiments,  an  account  of  which  was  given  before  the 
Pittsburgh  meeting  of  the  American  Ceramic  Society  in  Febi^uary, 
1919.  After  Sgt.  Pootitt 's  discharge  the  investigation  was  dropped 
until  January,  1920,  when  it  was  again  taken  up  with  the  assistance 
of  Dr.  Elmer  N.  Bunting,  who  is  continuing  it  at  the  present  time. 

2.  Purpose  of  the  Investigation. — ^All  varieties  of  glass,  even  at 
ordinary  temperatures,  are  in  the  liquid  state  of  aggregation.  They 
are  liquids  which  have  been  cooled  through  their  normal  crystalliza- 
tion interval  so  rapidly  that  there  has  not  been  time  for  crystallization 
("devitrification")  to  occur.  Instead,  the  viscosity  of  the  liquid  has 
been  increased  to  such  a  large  value  that  the  molecules  do  not  have 
sufficient  freedom  of  motion  to  permit  the  rearrangements  necessary' 
for  the  formation  and  growth  of  crystals.  The  liquid  has  thus  been 
supercooled  until  it  has  become  a  solid.  In  principle  any  liquid  can 
by  supercooling  be  brought  into  the  condition  of  a  glass,  but  since 
it  still  remains  a  liquid,  it  should  possess  the  characteristic  properties 
of  liquids,  including  the  power  to  hold  gases  in  a  state  of  solution. 

During  the  process  of  manufacturing  glass,  large  quantities  of 
gas,  mainly  carbon  dioxide,  oxygen,  and  nitrogen,  are  evolved  from 
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the  batch  owing  to  the  occurrence  of  chemical  reactions  such  as  the 
following : 

Na,CO,  +  SiO,    —  Na^  SiO,  +  CO, 
4KN0,  +  2SiO,=  2K,Si03  +  2N,  +50, 
2PbO,    +  2  SiO,—  2PbSi03  +  0, 

If  ammonium  nitrate,  NH^NOg,  is  employed  in  **  blocking  "•  the 
glass,  water  vapor  will  also  be  evolved  during  the  fining.  The  glass 
will  thus  be  saturated  with  these  gases  at  the  partial  pressures  which 
prevail  at  the  end  of  the  ** fining"  operation. 

On  cooling  the  glass,  these  gases  should  remain  in  solution,  and 
glass  in  the  finished  state  may  therefore  be  expected  to  contain  appreci- 
able quantities  of  these  dissolved  gases.  Since  no  actual  data  concern- 
ing the  nature  or  amounts  of  such  dissolved  gases  were  available,  the 
experiments  described  below  were  undertaken  for  the  purpose  of 
throwing  some  light  on  this  question.  These  experiments  are  to  be 
regarded  as  preliminary  to  a  more  extended  investigation  of  these 
dissolved  gases,  and  of  their  influence  upon  the  properties  of  the 
finished  glass,  and  its  behavior  during  use. 

In  addition  to  the  account  of  the  experiments  eondueted  to  date, 
and  their  results,  there  will  be  found  in  tlie  foUowiiig  pages  some  dis- 
cussion of  the  relation  between  adsorbed  and  dissolved  gas,  the  in- 
fiuence  of  dissolved  gases  upon  the  properties  and  behavior  of  glass, 
and  the  use  of  the  vacuum  furnace  in  the  manufactiirc  of  glass. 

3.  Acknowledgments. — For  samples  of  glass  used  in  the  present 
investigation  we  are  indebted  to  the  United  States  Bureau  of  Stand- 
ards, and  to  the  Pittsburgh  Plate  Glass  Company,  The  Si^al  Corps, 
and  later  the  Aircraft  Production  Board,  made  possible  the  proseea- 
tion  of  the  work  during  the  war  by  the  detail  of  Sgt.  Footitt  as  Ee- 
search  Assistant. 


*  The  term  "fining"  or  ''plaininff"  is  applied  to  the  operation  of  eliminatini:  bnbUei 
from  the  molten  glasB.  This  may  be  accomplished  by  heating  the  glass  to  a  soiBekntly  klfk 
temperature  to  cause  the  bubbles  to  expand  and  rise  to  the  top  of  the  mdt.  If  this  method 
is  not  effective  the  operation  of  "blocking"  is  employed,  lliis  consists  in  inserting  into  tha 
melt,  with  the  aid  of  an  iron  rod,  a  potato^  a  piece  of  green  wood,  a  pellet  of  aaaaoftiua 
nitrate,  or  in  general  any  material  which  will  giye  a  copious  erolution  of  gas  in  tbo  form 
of  large  bubbles  which  will  rise  through  the  mdt  and  gather  up  the  small  bubblea  in 
path. 
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Pio.  1.    Melting  Pot,  with  Block  of  Glass  before  Melting 
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n.    Demonstbation  of  the  Existence  of  Dissolved 
Gases  in  Finished  Qlass 

4.  The  Method  Employed. — ^In  order  to  demonstrate  the  ex- 
istence of  dissolved  gases  in  considerable  quantity  in  a  piece  of  per- 
fectly clear  homogeneous  glass,  the  method  of  ''sudden  evacuation" 
may  be  employed.  In  this  method  the  piece  of  glass  to  be  investigated 
is  melted  under  atmospheric  pressure  in  a  vacuum  furnace  which  can 
be  connected  through  a  valve  to  a  large  evacuated  tank.  When  the 
temperature  of  the  glass  has  reached  about  1200  deg.  C.  the  valve  is 
opened  quickly,  thus  causing  a  sudden  drop  of  pressure  within  the 
furnace. 

This  experiment  is  similar  to  the  opening  of  a  siphon  of  soda 
water,  and  if  the  glass  contains  dissolved  gases  a  similar  result  would 
be  expected,  that  is,  there  should  be  a  sudden  evolution  of  gas  from 
the  glass,  causing  it  to  expand  in  volume  and  to  eflPervesce  vigorously. 

5.  The  Glass. — The  glass  employed  in  the  first  experiment  was 
a  piece  of  barium  flint  optical  (1.6053-43.6)  having  the  following 
composition,  as  determined  by  the  Bureau  of  Standards: 

Oxide  .     .     .       SiO,    Aafi^    PbO     ZnO     BaO      K,0 
Mole  (per  cent)     64.5      0.15      9.73      9.22      10.2      6.24 

A  piece  free  from  bubbles  was  selected,  placed  on  a  table  beside 
an  inverted  melting  pot,  and  photographed.     (See  Fig.  1.) 

6.  The  FurtMce, — The  vacuum  furnace  and  the  details  of  the 
heating  element  and  thermocouple  installation  are  shown  in  Figs. 
2  and  3,  which  are  self  explanatory.  The  outlet  tube  was  connected 
to  a  Nelson  rotary  vacuum  pump  and  also,  through  a  valve,  to  a 
large  vacuum  tank  (A,  in  Fig.  4)  having  a  capacity  about  100  times 
that  of  the  furnace  chamber. 

7.  Experimental  Procedure. — The  melting  pot  containing  the 
piece  of  glass  was  placed  inside  the  heating  chamber  (Fig.  2)  and 
this  in  turn  placed  within  an  insulating  cylinder  supported  on  the 
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Fig.  2.    Detail  op  Vacuum  Furnaox 
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Fio.  3.    Detail  of  Pot,  Besistor,  and  Insxtlation 

furnace  base  as  shown  (Fig.  3).  The  water  cooled  iron  dome  (see 
Fig.  4)  was  then  lowered  into  place  on  its  rubber  gasket  and  the  cur- 
rent started  in  the  heating  coil.  When  the  glass  had  attained  a  tem- 
perature of  about  1200  deg.  C.  the  valve  connecting  the  outlet  with 
the  large  vacuum  tank  was  quickly  opened. 

This  tank  had  been  previously  evacuated  to  a  pressure  of  1  inch 
of  mercury,  and  as  soon  as  pressure  equalization  had  taken  place,  as 
indicated  by  the  manometer,  the  valve  was  quickly  closed,  the  Nelson 
pomp  started,  and  the  pressure  in  the  furnace  chamber  brought 
down  rapidly  to  less  than  1  cm.  of  mercury.  The  heating  current 
was  then  cut  oflf  and  the  furnace  allowed  to  cool  with  the  vacuum  on. 
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8.  The  Result. — On  opening  the  furnace  most  of  the  glass  was 
found  outside  of  the  pot,  standing  above  it  in  the  form  of  a  large 
white  mass  of  foam.  This  was  broken  away  from  the  pot  and  photo- 
graphed as  before,  beside  the  inverted  .pot.  The  result  is  shown  in 
Fig.  5.  By  comparing  Pigs.  1  and  5  an  idea  of  the  increase  in  volume 
associated  with  the  evolution  of  the  dissolved  gases  may  be  obtained. 
This  amounted  to  about  six  times  the  volume  of  the  original  piece. 
The  existence  of  considerable  quantities  of  gas  in  a  state  of  solution 
in  the  glass  was  thus  demonstrated. 
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Fio.  4.    Vacuum  Furnace  and  Large  Vacuum  Tank 
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Fio.  5.    Melting  Pot,  with  Block  op  Glass  after  Melting  and  Evacuating 
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III.    Partial  Analysis  of  the  Gases  Evolved 
FROM  THE  Glass 

9.  The  Apparatus  and  Method. — The  furnace  employed  was 
that  used  in  the  preceding  experiment.  The  large  vacuum  tank  was 
disconnected,  however,  and  the  outlet  tuBe  V  was  connected  to  a  Gaede 
high  vacuum  pump,  through  an  analysing  train.  The  method  con- 
sisted briefly  in  evacuating  the  furnace  until  all  adsorbed  gases  were 
removed,  melting  the  glass,  drawing  the  evolved  gases  out  through 
the  analysing  train,  and  finally  washing  out  the  furnace  with  pure 
nitrogen.  All  connections  throughout  the  system  were  sealed  glass 
joints,  or  glass-to-glass  joints  covered  with  heavy  rubber  tubing  and 
coated  with  a  beeswax-rosin  mixture. 

10.  The  Analysing  Train, — The  analysing  train  consisted  of  the 
following  elements  in  the  order  named,  starting  from  the  furnace  end : 

(1)  a  series  of  six  gas  wash  bottles  containing  standard  barium 
hydroxide  solution,  and  having  their  delivery  tubes  drawn  down  to 
capillary  openings  so  as  to  produce  a  stream  of  small  bubbles  through 
the  solution  when  in  operation : 

(2)  a  drying  tower  containing  pumice  and  sulphuric  acid: 

(3)  a  glazed  porcelain  combustion  tube  containing  copper  gauze 
and  provided  with  a  heating  coil.  Two  pieces  of  copper  gauze  previ- 
ously reduced  in  hydrogen  and  then  weighed  were  placed  in  series 
in  the  combustion  tube,  which  was  kept  at  700  deg.  C.  during  the  run. 

Before  the  experiment  was  begun  the  analysing  train  was  thor- 
oughly washed  out  with  pure  nitrogen  in  order  to  remove  all  air. 
The  nitrogen  used  for  this  purpose  was  purified  by  passing  it  over 
hot  copper,  and  through  wash  bottles  containing  barium  hydroxide 
solution.  The  nitrogen  thus  purified  gave  zero  test  for  both  carbou 
dioxide  and  oxygen. 

11.  Flushing  the  Furnace, — In  order  to  remove  adsorbed  gases 
from  the  glass  pot  and  the  insulating  materials,  the  following  proce- 
dure was  adopted.  The  furnace  was  assembled  as  shown  in  Fig.  3 
with  the  melting  pot  in  place.  The  Gaede  pump  was  started  and  the 
pressure  in  the  furnace  reduced,  to  0.02  mm.  At  the  same  time  the 
current  was  started  in  the  heating  coil  and  the  pot  heated  to  a 
temperature  several  hundred  degrees  higher  than  that  employed  in 
the  melting  operation.     The  furnace  was  kept  hot  and  the  Gaede 
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pump  in  operation  for  several  hours.  Pure  nitrogen  was  then  ad- 
mitted to  the  furnace  chamber  until  atmosjiheric  pressure  was 
attained,  after  which  the  nitrogen  was  pumped  out.  This  wash- 
ing with  nitrogen  was  repeated  several  times  and  the  furnace  finally 
allowed  to  cool  while  filled  with  nitrogen. 

12.  Melting  the  Glass, — ^When  the  nitrogen  filled  furnace  was 
entirely  cold,  the  water  cooled  dome  was  hoisted  suflSciently  to  permit 
a  weighed  quantity  (about  350  grams)  of  glass  to  be  dropi>ed  into 
the  melting  pot,  after  which  the  dome  was  immediately  lowered  into 
place  and  the  Gaede  pump  started.  At  the  same  time  the  resistor  was 
heated  to  just  below  red  heat,  and  after  the  pressure  had  faUen  to 
0.02  mm.  the  furnace  was  again  fiushed  two  times  with  pure  nitrogen. 

Finally,  with  a  vacuum  of  0.01  to  0.02  mm.  in  the  furnace,  it  was 
sealed  by  closing  a  stop-cock,  and  the  temperature  of  the  jwt  was 
raised  to  about  1000  deg.  C.  and  kept  there  for  one  hour.  The  pres- 
sure was  then  noted  and  the  temperature  of  the  pot  allowed  to  drop 
to  about  650  deg.  C.  after  which  pure  nitrogen  was  admitted  until 
atmospheric  pressure  had  been  reached. 

With  the  resistor  maintained  at  about  650  deg.  C.  the  contents 
of  the  furnace  were  then  pumped  out  through  the  analysing  train  and 
the  furnace  washed  out  with  nitrogen,  the  washings  being  also  pumped 
out  through  the  analysing  train.  The  furnace  was  finally  allowed  to 
stand  full  of  pure  nitrogen  until  time  for  the  next  experiment. 

13.  The  Results. — The  results  obtained  in  four  separate  experi- 
ments, using  pieces  of  the  same  block  of  glass,  are  shown  in  Table  1. 
It  will  be  noticed  that  oxygen  and  carbon  dioxide  are  present  in  solu- 
tion in.  the  glass  to  the  extent  of  0.1  per  cent  of  its  weight.  Part, 
perhaps  the  greater  part,  of  the  carbon  dioxide  is  present  in  the  com- 
bined state  as  carbonate,  and  some  of  it  would  therefore  be  retained 
in  the  glass  even  under  a  vacuum  of  0.02  mm. 

Table  1 

Per  Cent  by  Weight  of  Oxygen  and  of  Carbon 
Dioxide  Dissolved  in  a  Barium-Flint  Opticai.  Glass 


Weight  Peb  Cent 

Gab 

1 

2 

3 

4 

Mean 

MoLU  rmm  Lrsb 

Oa. 

0.078 
.017 

0.092 
.023 

0.074 
.031 

0.086 

0.08 
.02 

0.07 

col .::::::::. 

0.01 
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Fig.  6.     Apparatus  for  Measuring  and  Analysing  the  Dissolved  Oases 

IN  Glass 
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IV.    A  Special  Appabatus  for  both  Measubinq  and  Analysing 
THE  Dissolved  Gases  in  Glass 

14.  Description  of  the  Apparatus, — The  experiments  described 
in  the  preceding  section  gave  satisfactory  evidence  of  the  existence 
of  dissolved  oxygen  and  carbon  dioxide  in  considerable  amounts  in 
finished  glass.  The  apparatus  and  the  method  employed  in  these  ex- 
periments were,  however,  rather  cumbersome  and  complicated,  and  it 
was  very  difScult  to  make  sure  that  no  leakage  of  atmospheric  gases 
into  the  evacuated  furnace  took  place.  The  method,  moreover,  did 
not  yield  a  measure  of  the  total  amount  of  the  dissolved  gases. 

In  order  to  eliminate  these  drawbacks  a  new  vacuum  furnace 
was  designed,  constructed  entirely  of  glass  and  porcelain,  which  could 
readily  be  made  perfectly  gas  tight,  and  which  also  permitted  all  of 
the  gas  evolved  by  the  glass  to  be  both  measured  and  analysed.  The 
final  form  of  this  apparatus  is  shown  in  Figs.  6  and  7. 

The  vacuum  casing  of  the  furnace  consisted  of  a  pyrex  glass 
tube  5  cm.  in  diameter  and  13  cm.  high,  provided  with  a  ground  glass 
stopper  having  a  mercury  seal  at  the  joint.  The  melting  pot  was  a 
cylindrical  porcelain  tube,  3  cm.  in  diameter  and  13  cm.  high.  It  was 
wound  with  platinum  wire  and  slipped  into  a  tightly  fitting  porcelain 
protecting  tube.  An  outer  more  loosely  fitting  protecting  tube  com- 
pleted this  portion  of  the  apparatus,  which  was  suspended  inside  of 
the  glass  tube  by  means  of  two  heavy  copper  leads  which  passed  out 
through  the  capillary  tubes,  T^  and  Tj.  The  joint  between  these  lead 
wires  and  the  top  of  the  capillary  tubes  was  made  tight  by  a  rubber 
plug  covered  with  a  beeswax-rosin  mixture. 

15.  Determination  of  Free  Volume  of  Furnace. — For  this  pur- 
pose a  calibrated  230  cu.  cm.  flask  containing  air  at  atmospheric 
pressure  was  attached  at  M  and  the  stop-cock  S^  was  closed.  The 
furnace,  containing  the  melting  pot  and  its  protecting  tubes,  was  then 
evacuated  to  a  pressure  of  0.1  mm.  of  mercury  and,  after  the  connec- 
tion to  the  pump  had  been  closed,  stop-cock  S^  was  opened  and  the 
manometer  reading  again  taken.  The  volume  of  the  fiask  being 
known,  and  the  change  in  pressure  which  occurred  on  connecting  it 
to  the  evacuated  apparatus,  the  free  volume  of  the  latter  was  calcu- 
lated to  be  475  cu.  cm. 
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Fio.  7.    Detail  of  Apparatus  for  Measuring  and  Analysing  the  Dissolv© 

Gases  in  Glass 
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16.  Experimenidl  Procedure. — The  following  procedure  was  em- 
ployed in  measuring  and  analysing  the  dissolved  gases  in  glass.  A 
weighed  sample  of  glass — ^in  some  cases,  25  grams,  in  others,  50 
grams, — ^was  placed  in  the  melting  pot  and  the  whole  apparatus  as- 
sembled as  shown  in  the  figure.  With  stop-cock  Sj  closed,  the  ap- 
paratus was  evacuated  to  a  pressure  of  0.1  mm.  of  mercury,  and  at 
the  same  time  a  sufiScient  current  was  passed  through  the  heating 
wire  to  heat  the  pot  and  protecting  tubes  to  about  400  deg.  C,  at 
which  temperature  no  dissolved  gas  is  given  up  by  the  glass.  This 
preliminary  heating  and  evacuating  was  necessary  in  order  to  remove 
adsorbed  moisture  from  the  porcelain.  The  connection  to  the  pump 
was  then  closed  and  the  whole  apparatus  allowed  to  stand  for  several 
hours  in  order  to  make  sure  that  it  was  perfectly  tight,  this  fact,  of 
course,  being  indicated  by  an  absolutely  constant  manometer  reading. 
Sufficient  current  was  then  passed  through  the  heating  coil  to 
raise  the  temperature  of  the  glass  to  1400  deg.  C.  and  the  heating  was 
continued  till  no  more  gas  was  evolved  from  the  molten  glass,  as  shown 
by  a  steady  manometer  reading.  During  this  heating  a  blast  of  air 
was  directed  on  the  ground  glass  joint.  The  apparatus  was  then 
cooled  to  room  temperature  and  the  manometer  reading  was  recorded. 
The  free  volume  of  the  furnace  being  known,  the  total  amount  of  gas 
evolved  by  the  glass  could  be  calculated.  The  total  time  required 
for  a  run  was  from  two  to  three  hours. 

After  the  final  manometer  reading  had  been  taken,  the  stop-cock 
leading  to  the  manometer  was  closed,  the  manometer  disconnected, 
and  a  small  Orsat  apparatus  connected  in  its  place.  The  tube  M  was 
then  connected  to  an  adjustable  mercury  reservoir,  the  mercury  filling 
the  tube  completely  up  to  the  stop-cock.  This  stop-cock  was  opened 
and  the  furnace  completely  filled  with  mercury,  all  o£  the  gas  being 
driven  out  ahead  of  the  mercury  into  the  Orsat  apparatus,  where  it 
was  analysed  for  carbon  dioxide  and  oxygen,  any  residual  gas  being 
considered  nitrogen.  The  accuracy  of  the  chemical  analysis  was 
about  one  per  cent. 
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V.    The  Gas  Content  op  Three  Types  op  C!ommercial  Olass 

17.  A  Barium  Flint  Optical  Olass. — This  was  the  same  type  of 
glass  as  that  used  in  the  experiments  described  in  Chapter  III,  but 
was  obtained  from  the  Pittsburgh  Plate  Glass  Company,  and  may 
have  differed  somewhat  in  composition.  Its  index  of  refraction  was 
given  by  Dr.  Hostetter  as  ** about  1.605,  and  its  v.  value,  about  43.6." 

Two  experiments  on  50  gram  portions,  and  one  on  a  25  gram 
portion,  of  one  block  of  glass  gave  total  volumes  of  dissolved  gases 
(measured  under  standard  conditions)  of  15.6,  14.3  and  8.04  cu.  cm. 
respectively.  The  average  is  15.3  cu.  cm.  for  50  grams  of  glass, 
amounting  to  1.1  times  the  volume  of  the  glass  itself.  Two  samples  of 
another  block  of  the  glass  gave  a  volume  of  gas  (under  standard  con- 
ditions) equal  to  half  the  volume  of  the  glass.  The  history  of  the 
two  blocks  used  in  these  experiments  is  not  known.  They  were  taken 
from  a  25  lb.  lot  of  cuUet,  and  may  have  come  from  two  entirely  dif- 
ferent melts.  It  is,  of  course,  to  be  expected  that  the  gas  content  of 
finished  glass  will  depend  very  materially  upon  the  melting  and  fining 
procedure  which  has  been  followed. 

The  gas  from  the  second  block  of  glass  was  analysed,  and  was 
found  to  consist  of  25  per  cent  carbon  dioxide  and  75  per  cent  oxygen. 
If  any  nitrogen  was  present  it  was  less  than  one  per  cent. 

18.  A  Light  Flint  Bulb  Olass. — The  sample  of  glass  used  had  the 
following  composition  according  to  the  manufacturer's  analysis: 

Oxide  .     .     .      SiOa       PbO     Al^Oa      CaO     Na^O 
Mole  (per  cent)    75.0        7.15       0.45        0.60      16.76 

Two  melts  of  50  grams  each  were  made  and  they  gave  respectively 
3.2  and  3.5  cu.  cm.  of  gas  under  standard  conditions.  The  dissolved 
gas  thus  amounted  to  0.2  times  the  volume  of  the  glass  itself.  Analysis 
of  the  gas  gave  58  per  cent  carbon  dioxide,  24  per  cent  oxygen,  and 
18  per  cent  nitrogen.    The  density  of  the  glass  was  2.89. 

19.  A  BorosUicate  Laboratory  Olass. — The  glass  investigated  had 
approximately  the  following  composition: 

Oxide    .     .     .  SiOa  BA  As^Os   Al^O,  Pe^Oa  CaO  MgONa,0   K,0 
Mole(percent)  83.0    10.5      0.2       1.2       0.1      0.3     0.1      4.4    0.1 
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Twenty-five  grams  of  glass  gave,  on  melting,  a  volume  of  gas 
(under  standard  conditions)  equal  to  0.2  times  the  volume  of  the 
glass.  On  analysis  the  gas  was  found  to  consist  of  26  per  cent  carbon 
dioxide,  37  per  cent  oxygen,  and  37  per  cent  nitrogen. 

Tablb  2 
Summary  of  Rb8I7i;ts  on  the  Amounts  of  Dissolved  Gases  in  Finished  Glass 


VoLum  Pub  Cbmt  S.T.P. 

Wbxoht  Pbb  Cent 

CONCKNTKiLTION 

M0LB8  Pkr  LrrsB 

QX^ABS 

Oa 

CX)9 

N9 

Total 

Oa 

COa 

Na 

Total      Oa 

COa 

Na 

Bariuxii  flint  .1 

Barium  flint  .2 

J 4^%  flSi^t 

83 
36 

4.5 

6 

27 

12 

10 

5 

<1 

<1 

3 

6 

110 
48 
18 
17 

0.035 
.015 
.0046 
.0036 

0.011 
.0045 
.014 
.0035 

0.6625 
.0031 

0.046 
.020 
.021 
.010 

0.033 
.016 
.004 
.0028 

0.011 
.005 
.010 
.002 

6  003 

BoroBlicate 

.0028 

WftteratOdeg.C. 

.0023 

.080 

.0010 

20.  Discussion  of  the  Results. — The  results  obtained  with  the 
above  three  varieties  of  glass  are  summarized  in  Table  2.  Owing  to 
lack  of  data  concerning  the  melting  schedule  and  finishing  operation 
used  in  the  melts  from  which  the  samples  studied  originated,  it  is 
impossible  to  correlate  the  results  obtained  with  the  manufacturing 
procedure. 

The  quantity  and  nature  of  the  gases  present  in  the  finished  glass 
must  obviously  depend  upon  the  batch  composition  and  the  melting 
and  finishing  procedures.  The  influence  of  the  latter  factor  is  prob- 
ably responsible  for  the  different  results  obtained  with  the  different 
samples  of  the  barium  flint  optical. 

It  is  not  probable  that  any  appreciable  quantities  of  gas  are  ab- 
sorbed by  the  glass  from  the  atmosphere  of  the  furnace,  except  possibly 
in  the  case  of  glasses  which  are  mechanically  stirred  for  a  long  period. 
This  conclusion  seems  to  be  borne  out  by  the  absence  of  nitrogen  from 
the  barium  flint  glass.  The  dissolved  gas  must  therefore  originate 
from  the  gases  given  off  by  the  batch  itself  during  the  melting  and 
fining  processes. 

At  the  end  of  the  melting  period,  just  before  the  fining  operation 
begins,  the  glass  usually  contains  numbers  of  small  bubbles  in  which, 
owing  to  the  high  surface  tension  of  molten  glass,  the  gas  is  under 
a  pressure  greater  than  atmospheric.    At  the  end  of  the  fining  opera- 
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tion  the  glass  is  therefore  probably  still  somewhat  supersaturated  with 
gas,  since,  owing  to  its  high  viscosity,  it  cannot  very  rapidly  give  up 
this  extra  dissolved  gas.  The  higher  the  finishing  temperature,  and 
the  longer  the  glass  is  held  at  high  temperatures,  the  smaller  should 
be  the  amount  of  dissolved  gas  remaining  in  the  finished  glass.  This 
conclusion  seems  to  be  borne  out  by  the  results  obtained  with  the  boro- 
silicate  glass,  which  is  a  glass  requiring  very  high  finishing  and  woric- 
ing  temperatures.  The  great  preponderance  of  acidic  constituents  in 
this  glass  may,  however,  be  partially  responsible  for  the  small  quantity 
of  carbon  dioxide  found,  since  as  shown  by  Niggli,*  a  good  part  of 
the  dissolved  carbon  dioxide  in  glass  is  probably  combined  with  the 
basic  constituents. 


*  Niggli,  Paul,  "The  Phenomena  of  Equilibria  betweefn  Silica  and  the  Alkali  Carbonates." 
Jour.  Amer.  Ohem.  Soo.,  Vol.  35,  1706  (1913). 
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VI.    The  Significance  op  Dissolved  Gases  in  Glass 

21.  The  Relation  between  Adsorbed  and  Dissolved  Oas, — ^It  has 
long  been  recognized  that  glass  in  common  with  many  other  substances 
displays  a  strong  tendency  to  adsorb,  that  is,  to  condense  upon  its 
surface,  gases  with  which  it  is  in  contact.* 

Adsorption  may  indeed  be  regarded  as  a  type  of  solution  in  which 
the  dissolved  molecules  do  not  penetrate  below  the  surface  layer  of 
the  adsorbent.  Such  a  ** surface  solution'*  will  therefore  ordinarily 
be  saturated  when  the  surface  of  the  adsorbent  is  covered  with  a  layer 
of  the  adsorbed  material  one  molecule  deep  and  with  its  molecules 
close-packed  laterally.! 

Adsorption  may  sometimes  be  accompanied  by  a  gradual  penetra- 
tion of  the  adsorbed  material  beneath  the  surface  layer  of  the  ad- 
sorbent, that  is,  it  may  be  accompanied  by  ordinary  or  **  volume"  solu- 
tion; but  in  the  case  of  glass  at  low  temperatures,  such  solution  will 
probably  be  confined  to  the  superficial  layers.  Adsorbed  or  superfici- 
ally dissolved  gases  are  thus  to  be  distinguished  from  the  dissolved 
gases  studied  in  the  present  investigation,  which  are  more  or  less 
uniformly  disseminated  throughout  the  whole  mass  of  the  glass.  Lang- 
muirj  has  found  that  water  vapor  is  adsorbed  and  then  slowly  dis- 
solved by  glass.  He  also  found  that  lamp  bulbs  when  heated  in  vacuo 
evolved  adsorbed  carbon  dioxide  and  nitrogen  in  addition*  to  water 
vapor. 

Kecently  Sherwood§  has  devised  a  dynamic  method  for  studying 
the  gases  evolved  by  glass  when  heated  in  vacuo  to  temperatures  be- 
low its  softening  point.  He  found  that  adsorbed  gases  could  be  re- 
moved completely  by  heating  to  200  deg.  C.  in  vacuo  and  that  the 
amount  of  such  gases  corresponded  to  a  layer  about  one  molecule 


*  Of.  Ouichard.  M.,  "Sur  les  gaz  d6gag6  des  parois  des  tubes  de  yerre."  Bull.  Soo. 
Ohim.   100.  440  (1911). 

t  For  a  more  detaUed  diflcuBaion  of  the  relation  between  adsorption  and  solution  see 
Washbom,  B.  W.,  "Introduction  to  the  Principles  of  Physical  Chemistry,"  Bd.  2,  Chap.  XXV. 
The  McGraw-Hill  Book  Company,  New  York,  1921. 

t  Langmuir.  I..  "The  Adsorption  of  Gases  on  Plane  Surfaces  of  Glass.  Mica  and 
PUtinum,"  Jour.  Amer.  Chem.  Soc.,  Vol.  88,  2283-4   (1916);    Ibid.,  Vol.  40,  1387   (1918). 

5  Sherwood,  R.  G.,  "Gases  and  Vapors  from  Glass,"  Phys.  Rev.,  Vol.  12,  448  (1918). 
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deep  over  the  surface  of  the  glass.  On  subsequent  heating  to  500  deg. 
C.  a  further  evolution  of  gas  occurred,  which  he  attributed  to  ''chem- 
ical reactions"  occurring  within  the  glass. 

The  well  known  jump  in  pressure  within  an  exhausted  glass 
vessel  which  occurs  when  it  is  ''sealed  off*'  and  the  subsequent  deteri- 
oration of  the  vacuum  with  time  has  been  studied  by  Shrader.*  He 
concludes  that:  "The  vacuum  in  sealed  vessels  deteriorates  with  time, 
rapidly  at  first,  and  then  more  slowly,  and  subsequent  heating,  even 
at  temperatures  lower  than  the  heat-treating  temperature,  results  in 
increase  of  pressure  due  to  further  liberation  of  the  gases  and  vapors 
from  the  glass.  No  connection  between  different  samples  of  the  same 
glass  or  different  glasses  can  be  established.  It  is  quite  probable  that 
there  are  variations  in  the  properties  of  different  samples  of  the  same 
glass  quite  as  great  as  the  variations  between  different  glasses  of  about 
the  same  grade.'' 

There  is  every  reason  to  believe  that  the  dissolved  gases  in  glass 
play  an  important  role  in  the  behavior  described  by  Shrader.  Cer- 
tainly the  jump  in  pressure  which  occurs  during  the  sealing-off 
process  can  be  ascribed  to  this  source,  and  it  seems  entirely  probable 
that  gas-free  glass  would  be  superior  in  many  respects  to  ordinary 
glass  for  the  manufacture  of  high  vacuum  apparatus. 

The  adsorption  of  various  gases  by  glass  and  their  subsequent 
evolution  with  vacuum-heat  treatment  have  been  studied,  particularly 
with  respect  to  the  production  and  maintenance  of  high  vacua,  by 
Ulreyt  in  a  recent  investigation  which  at  the  time  of  writing  is  avail- 
able only  in  abstract.  His  conclusions  in  the  main  substantiate  those 
already  referred  to,  but  the  following  may  be  mentioned : 

(1)  "Glass  from  which  practically  all-  absorbed  gases 
have  been  removed  by  melting  in  vacuo  subsequently  reab- 
sorbed gases  from  the  atmosphere  at  room  temperature." 

(2)  "At  temperatures  up  to  the  softening  point,  diffusion 
of  gases  of  the  atmosphere  through  glass  does  not  take  place." 
With  reference  to  his  first  conclusion,  a  distinction  should  be 

drawn  between  absorbed  or  dissolved  gases  and  adsorbed  gases.    The 
removal  of  the  former  by  melting  in  vacuo  does  not,  of  course,  affect 


*  Shrader,  J.  E..  "Residual  Gases  and  Vapors  in  Glass  Bulbs,"  Phys.  Rev..  Vol.  13,  4»7 
(1919). 

t  Ulrey.  D.,  "Evolution  and  Absorption  of  Gases  by  Glass,"  Abstract  in  Pbya.  R€rT..  Vol. 
14.  160   (1919). 
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the  ability  of  the  glass  to  adsorb  gases  from  the  atmosphere,  the  latter 
being  an  entirely  independent  process. 

The  evidence  for  his  second  conclusion  not  being  available,  its 
exact  significance  is  not  entirely  clear.  The  fact  that  the  atmospheric 
gases  seem  able  to  diffuse  through  quartz  glass  at  comparatively  low 
temperatures  renders  it  not  improbable*  that  a  similar  behavior  might 
be  exhibited  by  some  of  the  ordinary  commercial  glasses  under  some 
circumstances,  although  doubtless  to  a  considerably  less  extent. 

22.  The  Influence  of  Dissolved  Oases  upon  the  Properties  and 
Behavior  of  Glass. — Evolution  of  dissolved  gas  in  the  form  of  bubbles 
tends  to  occur  whenever  the  pressure  on  glass,  while  in  a  fluid  condi- 
tion, is  decreased.  Such  a  decrease  in  pressure  will  occur  during  the 
manufacturing  operation  whenever  there  is  a  marked  fall  in  the 
barometer,  and  it  would  be  interesting  to  know  whether  there  is  any 
record  of  troubles  with  ** seedy'*  glass  accompanying  periods  of 
barometric  depression. 

A  condition  of  reduced  pressure  with  a  consequent  evolution  of 
bubbles  of  gas  also  results  from  the  strains  set  up  by  the  contraction 
of  the  glass  itself.  If  the  outside  of  a  mass  of  glass  be  allowed  to 
solidify  while  the  interior  is  still  in  a  fluid  condition,  it  is  evident 
that  the  gradual  solidification  of  the  remaining  glass  must  bring  about 
a  tension  upon  the  still  fluid  portions;  and  this  decrease  in  pressure 
will  cause  them  to  evolve  their  dissolved  gases,  with  the  consequent 
formation  of  a  mass  of  bubbles  in  those  portions  of  the  glass  which 
remain  longest  in  the  fluid  condition.  Some  interesting  examples 
of  the  formation  of  seed  from  this  cause  have  been  described  by 
Williams,  t 

Still  another  instance  of  the  occurrence  of  reduced  pressure  dur- 
ing manufacturing  operations  is  met  with  in  cases  where  the  glass  is 
** gathered*'  by  suction,  as  in  the  case  of  the  Owens  machine.  If  the 
glass  when  it  reaches  the  gathering  machine  is  supersaturated  with 
dissolved  gases,  the  operation  of  gathering  will  evidently  result  in 
the  formation  of  seed,  some  of  which  will  not  disappear  again  when 
the  suction  is  released.    If  the  glass  at  the  moment  of  gathering  is 


♦  Cf .  Le  Chatelior,  "La  Silice  et  les  Silicates,"  p.  94,  Hermann  et  Fils,  Parit  1914 ; 
Mayer,  E.  0.,  "Leakage  of  Gases  through  Quarts  Tube*,"  Phys.  Rev.,  Vol.  4.  283   (1915). 

t  Williams,   A.   £.,    "Observations  on   the   Formation  of  Seed   in   Optical   Qlass  Melts," 
Jour.  Amer.  Ceramic  Soc..  Vol.  I.  134  (1918). 
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undersaturated  with  the  dissolved  gases,  as  will  be  the  case  if  it  has 
been  kept  long  enough  at  a  sufficiently  high  temperature  before  reach- 
ing the  gathering  machine,  the  suction  may  still  result  in  the  momen- 
tary appearance  of  seeds,  but  these  will  be  largely  of  the  vacuum  type 
and  not  permanent;  if  permanent,  they  will  probably  be  exceed- 
ingly small,  after  the  glass  is  finished. 

Since  both  the  appearance  and  disappearance  of  the  seeds  mider 
these  conditions  is  a  process  requiring  a  certain  amount  of  time  for 
the  attainment  of  equilibrium,  the  viscosity  of  the  glass,  the  time 
during  which  it  is  under  the  reduced  pressure,  and  the  subsequent 
cooling  and  annealing  operations  will  evidently  all  have  an  influence 
on  the  final  state  of  the  glass  as  regards  freedom  from  seeds.  Seeds 
formed  from  glass  which  is  supersaturated  or  practically  completdy 
saturated  with  dissolved  gases  cannot  be  removed  by  annealing,  but 
seeds  resulting  from  reduced  pressure  upon  glass  which  is  under- 
saturated  with  dissolved  gases  will  disappecur  or  be  greatly  reduced  in 
size  by  proper  annealing. 

The  complete  story  of  the  effect  of  dissolved  gases  upon  the  prop- 
erties and  behavior  of  glass  must  await  the  results  of  further  in- 
vestigation. It  seems  entirely  probable  that  the  presence  of  dissolved 
gases,  and  especially  of  microscopic  seeds,  may  materially  increase 
the  tendency  of  the  glass  to  devitrify,  and  the  entire  removal  of  this 
constituent  might  make  it  possible  to  obtain  results  which  are  not 
possible  under  ordinary  conditions  owing  to  the  rapidity  of  devitrifica- 
tion. Certainly  the  known  facts  concerning  the  behavior  of  other 
supercooled  solutions  point  in  this  direction.* 

23.  The  Use  of  Vacuum  Furnaces  in  the  Manufacture  of  Olass. 
— The  results  described  in  the  preceding  pages  are  to  be  regarded  as 
preliminary  only.  It  is  intended  to  continue  the  investigation  not 
only  for  the  purpose  of  determining  the  influence  of  dissolved  gases 
upon  the  properties  and  behavior  of  glass,  but  also  for  the  purpose  of 
determining  the  practicability  and  value  of  a  commercial  process  for 
the  production  of  gas  free  glass. 

The  investigation  of  this  subject  was  started  early  in  1918,  and 
the  results  thus  far  attained  indicate  that  a  vacuum  furnace  process 
for  the  manufacture  of  certain  types  of  glass  is  entirely  feasible  on 


*  In  this  connection  see  Germann,  A.  F.  0.,  "The  Devitrification  of  Glass,  a  Surisoe 
Phenomenon.  The  Repair  of  Oo'stalliaed  Glass  Apparatus."  Jour.  Amor.  Chem.  Soc.,  Vd.  43. 
11   (1921). 
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an  industrial  scale,  and  that  it  offers  a  number  of  pronounced  ad- 
vantages over  current  methods.  It  eliminates  entirely  the  fining 
operation  as  ordinarily  understood,  materially  reduces  the  high  finish- 
ing temperatures  required  with  some  glasses,  produces  in  all  cases  a 
product  absolutely  free  from  even  the  smallest  seeds,  and  these  re- 
sults suggest  the  possibility  of  considerably  increasing  the  yield  of 
perfect  glass.  Its  main  field  of  usefulness  will  probably  be  in  the 
manufacture  of  certain  types  of  optical  glasses  and  of  glass  for  high 
vacuum  apparatus. 
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Vn.    Summary 

24.    Summary  of  Results. — The  results  of  the  investigation  to  date 
may  be  summarized  as  follows : 

(1)  All  varieties  of  glass  in  the  finished  state  contain  dis- 
solved gases. 

(2)  The  amount  of  this  dissolved  gas  is  sufficient  to  cause 
the  glass  to  eflPervesce  violently  if  the  pressure  upon  it  be  sud- 
denly reduced  while  it  is  in  a  fluid  condition. 

(3)  The  amount  and  composition  of  the  dissolved  gas 
varies  greatly  with  the  type  of  glass  and  the  detail  of  the 
melting  and  fining  procedures. 

(4)  In  the  three  types  of  industrial  glass  examined,  the 
volume  of  the  dissolved  gases  (measured  under  standard  con- 
ditions) varied  from  0.2  to  2  times  the  volume  of  the  glass  it- 
self. 

(5)  Carbon  dioxide,  oxygen,  and  nitrogen  were  found  in 
varying  amounts  in  the  gas. 

In  addition,  as  a  result  of  this  experimental  work,  a  convenient 
apparatus  for  measuring  and  analysing  the  dissolved  gases  was  de- 
veloped, and  an  improved  type  of  vacuum  furnace  for  the  manufac- 
ture of  gas-free  glass  was  constructed. 
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erties of  Electrolytic  Iron  Melted  in  Vacuo,  by  Trygve  D.  Yensen.  1915.  T&n 
cents. 

BuOetin  No.  78.  A  Study  of  Boiler  Losses,  by  A.  P.  Erats.   1915.    Thirty- 
five  cents. 

*BuUetin  No.  79.  The  Ooking  of  Ck>al  at  Low  Temperatures,  with  Bpedal  Bef  • 
erence  to  the  Properties  and  Composition  of  the  Products,  by  S.  W.  Parr  and 
H.  L.  Clin.  1915.   Twenty-five  cents. 

BvUetin  No.  80.  Wind  Stresses  in  the  Steel  Frames  of  Ofice  Buildings^  by 
W.  M.  Wilson  and  G.  A.  Man^.  1915.  Fifty  cents. 

Bulletin  No.  81.  Influence  of  Temperature  on  the  Strength  of  Concrete^  by 
A.  B.  McDaniel.   1915.  Fifteen  cents. 

BvXteiin  No.  8t.  Laboratory  Tests  of  a  Consolidation  LoeomotiTe,  by  B.  0. 
Schmidt,  J.  M.  Snodgrass,  and  B.  B.  Keller.   1915.  Sixty-five  cents. 

^BvXteUin  No.  83.  Magnetic  and  Other  Properties  of  Iron-SiHcon  Alloys, 
Melted  in  Vacuo,  by  Trygve  D.  Yensen.   1915.   Thirty-five  cents. 

BvUetin  No.  84.  Tests  of   Beinforced   Concrete   Flat   Slab   Structures,   by 
Arthur  N.  Talbot  and  W.  A.  Slater.  1916.  Sixty-five  cents. 

^BvXletin  No.  86.  The  Strength  and  Stiffness  of  Steel  under  Biaxial  Loading, 
t^  A.  J.  Becker.   1916.    Thirty-five  cents. 

BvXtetvn  No.  86.  The  Strength  of  I-Beams  and  Girders,  by  Herbert  F.  Moore 
and  W.  M.  Wilson.   1916.  Thirty  cents. 

*BitUetin  No.  87.  Correction  of  Echoes  in  the  Auditorium,  Uniyersity  of  Illi- 
nois, by  F.  B.  Watson  and  J.  M.  White.  1916.  Fifteen  cents. 

BuOetin  No.  88.  Dry  Preparation  of  Bituminous  Coal  at  Illinois  Mines,  by 
E.  A.  Holbrook.  1916.  Seventy  cents. 

BuUetin  No.  89.  Speciflc  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  NebeL 
1916.  TUrty  cenU. 

*B%iHXetifn  No.  90.  Some  Graphical  Solutions  of  Electric  Bailway  Problems,  by 
A.  M.  Buck.  1916.   Twenty  cents. 

BvXtetin  No.  91.  Subsidence  Besulting  from  Mining,  by  L.  E.  Young  and 
H.  H.  Stock.  1916.  None  available. 

^BvXleti^  No.  9t.  The  Tractive  Besistance  on  Curves  of  a  28-Ton  Electric 
Car,  l^^  E.  C.  Schmidt  and  H.  H.  Dunn.  1916.  Twenty-five  cents. 

*BvXletin  No.  93.  A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper, 
suad  Niekel,  l^  D.  F.  McFarland  and  O.  E.  Harder.  1916.  Thirty  cenU. 

*BuUetin  No.  94.  The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel, 
l^  a  W.  Parr.  1917.   Thirty  cenU. 

^Bulletin  No.  95.  Magnetic  and  Other  Properties  of  Iron-Aluminum  Alloys 
Melted  in  Vacuo,  by  T.  D.  Yensen  and  W.  A.  Gatward.   1917.   Twenty-five  cents 

•A  Umited  number  ol  oopiea  of  buUeting  ttamd  m  tefXUXAm  for  froo  dtetrilnitlott. 
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*BuUetin  No,  96,  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through 
a  Submerged  Short  Pipe,  l^  Fred  B  Seely.  1917.  Twenty-five  cents. 

•Bulletin  No,  97.  Effects  of  Storage  upon  the  Properties  of  Goal,  bj  &,  W. 
Parr.  1917.   Twenty  cents, 

•BuUetin  No,  98.  Tests  of  Ozyacelylene  Welded  Joints  in  Steel  Plates,  b/ 
Herbert  F.  Moore.  1917.  Ten  cents. 

Circular  No.  4,    The  Economical  Purchase  and  Use  of  Coal  for  Heating 
Homes,  with  Special  Beference  to  Conditions  in  Illinois.  1917.   Ten  cents, 

•Bulletin  No.  99,  The  Collapse  of  ShoH  Thin  Tubes,  b7  A.  P.  Carman.  1917. 
Twenty  cents, 

•Circular  No,  5,  The  Utilization  of  Pyrite  Occurring  in  Illinois  Bituminoui 
Coal,  bj  E.  A.  Holbrook.  1917.  Twenty  cents, 

•BvXletin  No.  100,  Percentage  of  Extraction  of  Bituminous  Coal  with  ^edal 
Beference  to  Illinois  Conditions,  by  C.  M.  Young.   1917. 

•Bulletin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mi- 
kado Locomotiye,  hy  E.  C.  Schmidt,  J.  M.  Snodgrass,  and  O.  S.  Beyer,  Jr.  1917. 
Fifty  cents. 

•Bulletin  No,  lOt,  A  Study  of  the  Heat  Transmission  of  Building  Materials, 
by  A.  C.  Willard  and  L.  C.  Lichty.   1917.   Twenty-five  cents. 

•BMetin  No.  lOS,  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W. 
P.  Lukens.   1917.  Sixty  cents, 

•Bulletin  No,  104,  Tests  to  Determine  the  Rigidity  of  Biveted  Joints  of  Steel 
Structures,  by  W.  M.  Wilson  and  H.  F.  Moore.  1917.  Twenty-five  cenU. 

Circular  No.  6.      The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoek.    191S. 
Forty  cents. 

Circular  No,  7,      Fuel  Economy  in  the  Operation  of  Hand  Fired   Power 
Plants.   1918.   Twenty  cents. 

•Bulletin  No.  105.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nozzles, 
and  Orifice  Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  B.  Fleming,  and 
Melvin  L.  Enger.  1918.   Thirty-five  cents, 

•BvUetin  No,  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  Union 
Building,  by  Arthur  N.  Talbot  and  Harrison  F.  Gonnerman.  1918.   Twenty  cents. 
Circular  No.  8.      The  Economical  Use  of  Coal  in  Bailway  Locomotives.  1918. 
Twenty  cents. 

•Bulletin  No.  107.  Analysis  and  Tests  of  Bigidly  Connected  Beinforced  Con- 
crete Frames,  by  Mikishi  Abe.   1918.  Fifty  cents. 

•Bulletin  No.  108.  Analysis  of  Statically  Indeterminate  Structures  bj  tiie 
Slope  Deflection  Method,  by  W.  M.  Wilson,  F.  E.  Bichart,  and  Camillo  Weias. 
1918.   One  dollar. 

•Bulletin  No.  109.  The  Pipe  Orifice  as  a  Means  of  Measuring  Flow  of  WmXm 
through  a  Pipe,  by  B.  E.  Davis  and  H.  H.  Jordan ,  1918.   Twenty-five  cents, 

•Bulletin  No.  110.  Passenger  Train  Besistance,  by  E.  C.  Schmidt  r»id  H.  H. 
Dunn.   1918.   Twenty  cents. 

*A  limited  nninber  of  oopiet  of  JbuUetins  lUrred  are  availftbto  for  froo  diatrlbutloa. 
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*Bulletin  No.  111.  A  Study  of  the  Forms  in  which  Sulphur  Occurs  in  Goal,  bj 
A.  B.  Powell  with  S.  W.  Parr.  1919.  Thirty  cenU. 

*BuUeUn  No.  Hi.  Report  of  Progress  in  Warm-Air  Furnace  Research,  bj 
A.  C.  Willard.   1919.   Thirty-five  cenU. 

^BuOeUn  No.  113.  Panel  System  of  Ck>al  Mining.  A  Graphical  Study  of  Per- 
centage of  Extraction,  by  C.  M.  Young.   1919. 

^BuUetin  No.  114.  Corona  Discharge,  by  Earle>H.  Warner  with  Jakob  Kunz. 

1919.  Seventy-five  cents, 

^BuUetin  No.  115.  The  Relation  between  the  Elastic  Strengths  of  Steel  in 
Tension,  Compression,  and  Shear,  by  F.  B  Seely  and  W.  J.  Putnam.  1920.  Twenty 
centB. 

BuUetin  No.  116.  Bituminous  Coal  Storage  Practice,  by  H.  H.  Stoek,  C.  W. 
Hippard,  and  W.  D.  Langtry.   1920.  Ninety  cents. 

*BvUetin  No.  117.  Emissivity  of  Heat  from  Various  Surfaces,  by  V.  S.  Day. 

1920.  Twenty  cents. 

*Bidletin  No.  118.  Dissolved  Gases  in  Glass,  by  E.  W.  Washburn,  F.  F.  Footitt, 
and  E.  N.  Bunting.    1920.    Twenty  cents. 


*A  limited  numbor  of  oopiM  of  bullatiiii  starred  are  available  for  frae  dietribntioii. 
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THE  UNIVERSITY  OF  ILLINOIS 

THE  STATE  UNXVERSITY 

Urbana 

David  Kinlby,  Ph,D.,  LL.D.,  President 


THE  XTIflVERSITT  INCLX7DES  THE  FOLLOWING  DEPARTMENTS 

The  Graduate  School 

The  College  of  Liberal  Arts  and  Sdences  (Ancient  and  Modem  Languages  and 
Literatures;  History,  Economics,  Political  Science,  Sociology;  Philosophy, 
Psychology,  Education;  Mathematics;  Astronomy;  Geology;  Physics;  Chem- 
istry; Botany;  Zoology,  Entomology;  Physiology;  Art  and  Design) 

The  College  of  Commerce  and  Business  Administration  (General  Business,  Bank- 
ing. Insurance,  Accountancy,  Railway  Administration,  Foreign  Commerce; 
Courses  for  Commercial  Teachers  and  Conmiercial  and  Civic  Secretaries) 

The  College  of  Engineering  (Architecture;  Architectural,  Ceramic,  Civil,  Electrical, 
Mechanical,  Mining,  Mmiicipal  and  Sanitary,  and  Railway  Engineering; 
General  Engineering  Physics) 

The  College  of  Agriculture  (Agronomy;  Animal  Husbandry;  Dairy  Husbandry; 
Horticulture  and  Landscape  Gardening;  Agricultural  Extension;  Teachers' 
Coiuse;  Home  Economics) 

The  College  of  Law  (Three-year  and  four-year  curriculums  based  on  two  years  and 
one  year  of  college  work  respectively) 

The  College  of  Education  (including  the  Bureau  of  Educational  Research) 

The  Curriculum  in  Journalism 

The  Curriculums  in  Chemistry  and  Chemical  Engineering 

The  School  of  Railway  Engmeering  and  Administration 

The  School  of  Music  (four-year  curriculum) 

The  Library  School  (two-year  curriculum  for  college  graduates) 

The  College  of  Medicine  (m  Chicago) 

The  College  of  Dentistry  (in  Chicago) 

The  School  of  Pharmacy  (in  Chicago,  Ph.G.  and  Ph.C.  curriculums) 

The  Summer  Session  (eight  weeks) 

Experiment  Stations  and  Scientific  Bureau:  U.  S.  Agricultural  Experiment  Sta- 
tion; Engineering  Experiment  Station;  State  Laboratory  of  Natural  History; 
State  ESntomologist's  Office;  Biological  Experiment  Station  on  Illinois  River; 
State  Water  Survey;  State  (Geological  Survey;  U.  S.  Bureau  of  Mines  Experi- 
ment Station. 

The  library  collections  contain  (July  1,  1920)  474,488  volumes  and  111,474  pam- 
phlets. 

For  catalogs  and  information  address 

THE  REGISTRAR 

Urbana,  Illinois 
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